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In this project, the TMP method was employed to produce “active sites.”  These active sites are for influencing and controlling the Co3O4 growth.

One of the aims was to investigate what effect the grafting of the molecular precursor has on the nature and distribution of active sites on the various support materials.  The second aim was to investigate the effect an increase in molecular precursor loading, in various impregnation steps, has on the nature and distribution of the active sites.  The third aim was to investigate the effect of the steric constraints of ligand groups, by changing the molecular precursor, on the nature and distribution of active sites. 

The fourth aim was to use the different aspects discussed above and apply them to investigate what effect the above-mentioned modifications have on Co3O4 morphology.  While another aim was to investigated what effect varying the quantity of Co(NO3)2·6H2O has on Co3O4 morphology.  Lastly, we investigated what effect varying the impregnation procedure and calcination temperature have on the Co3O4 morphology.

The effect the support has on the phase of titanium molecular precursor was investigated using molecular precursor, iPrOTi[OSi(OtBu3)]3.  The supports used were Silica 922, NanoDur, Aerosil 200, Stöber spherical silica, SBA-15, mod MCM-41 and sMCM-41.  The molecular precursor iPrOTi[OSi(OtBu3)]3 was revealed to be in the orthorhombic TiO2 with space group P(cab), normal brookite lattice, on Silica 922 after calcination but only an isolated area displaying this morphology.  Generally we do not observe any TiO2 on the support, which indicates that we have produce site-isolated sites, suggesting the TMP method has been successful on all of the various supports.  

The emphasis is placed on the effect of this molecular precursor and the respective support has on the Co3O4 morphology in Chapter 3.  In this Chapter, a unique morphology was observed on Silica 922 which showed Co3O4 nanorods of cubic Co3O4 in the space group Fd-3m.  Silica 922 was used for the remainder of the thesis to investigate the effect the quantity of molecular precursor has on the nature of active sites and Co3O4 morphology in Chapter 4.

This support was also used to investigate the effect the amount of Co(NO3)2·6H2O has on Co3O4 morphology in Chapter 5.
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The past 20 years has seen significant progress in converting the homogeneous molecular approach to the field of heterogeneous catalysis which led to the Single-Site Heterogeneous Catalysis (SSHC) for the selective transformation of chemicals [​[1]​, ​[2]​, ​[3]​, ​[4]​, ​[5]​].  Further research in catalysis will thus be focused on the developments of new synthetic methodologies that will allow the construction of multifaceted inorganic structures.  These synthetic methods will offer routes to catalytic materials, which have a distinct structure and can be used to investigation the hypothesis concerning the influences of structures on catalyst activity.  As a result, much research has been devoted to obtaining nanostructured single-site heterogeneous catalysts.  The controlled chemical and steric environments around the catalytically active metal site is advantageous when compared to the classical solid catalysts.

1.1	Single-Site Heterogeneous Catalyst (SSHC)

A SSHC is a solid, which has well-defined, evenly distributed single catalytically active sites with a specific chemical surrounding.  These single sites are typically positioned on solid supports with high surface areas, which consist of one or a small numbers of atoms, which are spatially isolated and contain the same chemical properties to the reactant.  In order for this field to progress, it is important to develop techniques to incorporate well-defined active sites and so have a way of achieving a controlled manner to chemically modify the surface of support.

There is a vast amount of literature on the preparation and applications of SSHC, ranging from the preparation of single-site heterogeneous catalysts on inorganic supports to applications of Titanosilicalite-1 (TS-1), however for the purpose of this thesis we are only interested in the field of grafting of single-site transition metals onto silica with high surface areas.  In the literature, most attempts to produce single site catalytic structures have involved aqueous impregnation techniques.  However, aqueous conditions regularly promote the agglomeration of metal oxide species on the support and are thus undesirable [​[6]​].  Surface organic chemistry points to a strategy for the fabrication of highly active well-defined sites on the surface of supports and involves the grafting of organometallic species, followed by activation of these sites through a further transformation [​[7]​].  Other non-hydrolytic routes to mixed-element oxides based on molecular solution chemistry have also been developed.  These include the condensation of metal alkoxides with metal acetates [​[8]​] or metal halides [​[9]​].  The problem with the sol-gel method for production of oxide materials is that it is inherently limited, by the rates of hydrolysis for the precursors used leading to inhomogeneity in the final material [​[10]​, ​[11]​, ​[12]​].  The Thermolytic Molecular Precursor (TMP) method offers numerous advantages over the sol-gel process, which will be discussed in section 1.2, even though both are low-temperature routes to metastable complexes.

The work in grafting single-site transition metals onto a high surface area silica started with Basset and co-workers, 29 years ago, who pioneered the notion of surface organometallic chemistry [​[13]​].  They started work based on the methodical study of the reactivity of organometallic complexes and the coordination of compounds with the surface of a support material [1, ​[14]​] and so produced highly active catalysts for alkane metathesis and alkane hydrogenolysis [​[15]​, ​[16]​, ​[17]​, ​[18]​ ,​[19]​].  This work suggested the use of a solid metal oxide which acts as a ligand for an organometallic molecular species [​[20]​, ​[21]​].  Their research produced a SSHC, by functionalising the residual pendant silanol groups on Aerosil.

Mayoral and co-workers researched the synthesis of  Ti(IV)-silica catalysts by grafting Ti(OiPr)4 onto a silica support.  This catalyst showed hopeful results in the epoxidation of non-functionalised alkenes, dienes and allylic alcohols using tert-butylhydroperoxide as the oxidant [​[22]​].  Additional transition metals may be grafted onto this mesoporous silica through a metallocene route and published work on producing these active centres for isolated Mo(VI), Cr(VI) and VO(IV) is found in the literature [​[23]​, ​[24]​].  Futher to this, isolated tin centres on MCM-41 support were recently achieved by the grafting of SnMe2Cl2 followed by subsequent calcination [​[25]​].  Subsequently research towards the grafting of organometallic or inorganic molecular species onto the surface of an oxide support to produce well-defined catalytic sites has been developed for a number of processes [​[26]​, ​[27]​, ​[28]​, ​[29]​].

Tilley and co-workers have pioneered another complementary approach, to SSHC [​[30]​, ​[31]​, ​[32]​].  Their research is centred on the synthesis of heterogeneous catalyst with importance being placed on the employment of molecular design and molecular chemistry with work mostly focused on the production of multi-component oxides.  A wide variety of these complexes on metal oxides have been recognised as selective partial oxidation catalysts [​[33]​, ​[34]​, ​[35]​, ​[36]​].  In Tilley’s quest to synthesise a range of multi-component oxide materials with modified properties, they have used the TMP approach.  Tilley’s approach involved a molecular precursor, which provides a route to an isolated surface bound species of a particular structure and composition on the support.  

1.2	 The molecular precursor approach 





Molecular precursors suitable for use in the TMP method are classically oxygen-rich metal complexes of the form PnM[OxN(OL)y]z.  The ligand moiety (P) used to produce a molecular precursor in the Thermolytic Molecular Precursor (TMP) method, are usually also oxygen rich with P= alkoxide, amide, alkyl, N= Si, P, B and L= tBu or Si(OtBu)3.  Other groups such as OiPr and O(Me2Et) are compatible but not as versatile as OtBu in synthetic viability.  The ligand group precursors most extensively utilised to produce the molecular precursors have been HOSi(OtBu)3, HOP(O)(OtBu)3 and (OH)2Si(OtBu)2.  A variety of such precursors, which are transition metal tris(tert-butoxy)siloxy complexes of the type M[OSi(OtBu)3]n, have been synthesised and analysed in the literature [​[37]​, ​[38]​, ​[39]​, ​[40]​, ​[41]​].

1.2.2	Molecular precursors synthesis 





Scheme 1.1: The method to synthesise molecular precursor via a salt metathesis.

The other strategy involves a silanolysis, or condensation, reaction of the Si –OH groups with a metal alkoxide, halide, amido, or alkyl complex (Scheme 1.2).


Scheme 1.2: Synthesis of molecular precursor via silanolysis reaction.

1.2.3	 Molecular precursor grafting methods

The molecular precursor approach firstly involves grafting of metal centres to produce isolated surface bound species.  The general grafting technique is illustrated in Scheme 1.3.  In the case of M[OSi(OtBu)3]x complex, grafting occurs via the cleavage of (O–M) bonds, thus liberating [(OtBu)3SiOH] and bonds through M–O–(surface), producing Complex B (Scheme 1.3).  In some cases small amounts of tBuOH are formed, which is consistent with grafting via the (Si–O) bond of the ligand system which yields species bound to the surface through Si–O–(surface), Complex A (Scheme 1.3).


Scheme 1.3: The molecular precursor grafting methods to produe isolated active metal sites.

Treatment of these molecular precursor complexes to moderate temperature (300 °C) results in a 3D inorganic network, after condensation of hydroxyl groups and elimination of isobutene (Scheme 1.3) providing isolated metal-supported sites which can be described as isolated surface bound species of particular structure and composition, Complex C.  This approach to obtaining a molecular precursor is known as the Thermolytic Molecular Precursor method (TMP).  This TMP route leading to the production of multicomponent oxides has been used for the production of a variety of homogeneous metal silica materials with customised properties and is well documented in the literature [​[42]​, ​[43]​, ​[44]​, ​[45]​, ​[46]​].  These precursors have a defined ratio of elements that can be included into the desired material and offers a low-temperature, kinetically controlled pathway to homogeneous mixed metal oxide materials.

The potential advantages of the TMP approach include the efficient incorporation of fundamental building blocks, well-defined stoichiometries and low-temperature (kinetically controlled) routes to metastable structures.  There are a few advantages of the TMP method over the traditional synthetic procedures for catalyst synthesis.  The first advantage is the use of high purity, well-defined species for the accurate control over the stoichiometry of the final product.  The second is the pre-existence of the M–O–Si in the precursor framework which promotes more homogeneity and leads to a large quantity of these linkages in the final material.  The third is linked to the use of non-polar solvents which benefits the surface properties by reducing pore collapse thus yielding high pore volumes and surface areas [​[47]​].  Lastly, TMP also prevents cleavage of M-O-Si via hydroysis thus avoiding inhomogentity, which is common in the sol-gel process. 









Scheme 1.4: General route employed for production of isolated surface bound Ti[OSi(OtBu)3]4 (TiSi4).

The observed catalytic properties of these materials presumably reflect the high concentration of isolated, titanium sites that result from the preparative route involving a molecular precursor, with a preformed tetrahedral M(OSi)4 core and the non-aqueous synthetic conditions.  Supports used by Tilley were MCM-41 and SBA-15, which have large surface area and are mesoporous silicas.  The grafting of these titanium siloxides onto the inner walls of mesoporous silica provides catalysts with a large concentration of accessible, isolated, and structurally well-defined active sites for the transformation of cyclohexane [​[53]​, ​[54]​, ​[55]​].  In initial investigations along these lines, the authors observed that treatment of amorphous silica with TiSi4 produced catalysts that were highly active for the selective epoxidation of cyclohexene with cumene hydroperoxide as the oxidant.  These catalysts were more active than the Shell catalyst derived from treatment of silica with Ti(OiPr)4 [​[56]​].





Scheme 1.5: Grafting of iPrOTi[OSi(OtBu)3]3, (TiSi3), molecular precursor on silica.





Scheme 1.6: Grafting of (OtBu)3TiOSi(OtBu)3,(TiSi), molecular precursor on silica.





As mentioned in section 1.2.4, Tilley established that the molecular precursor plays an important role in the control over the final catalyst properties and that the support affects these properties.  The extent to which the support affects the morphology of Co3O4 needs to be investigated but it is known the support can affect the particle size and reduction potential of a catalyst, which was shown by Li et al. [​[57]​].  The supports used in their study are representative of those, which are routinely utilised, in heterogeneous catalysis.  Common supports used are oxides of titanium, zirconium, aluminium, zinc and silicon [​[58]​].  Some of these can take a variety of forms that are categorised according to their pore diameters.  Descriptions of these classifications are presented in Table 1‑1.  As described by Tilley and co-workers [53], the nature of the support can greatly affect the properties of catalysts prepared by impregnating metals and oxides onto the surface.

Table 1‑1: Statistics and examples for the four types of pore classification [58].

pore classification	pore diameter	examples	framework composition	actual pore structure
microporous	<20 Å	Faujasite Y	Al,Si,O	7 Å,3D channels
mesoporous	20-500 Å	MCM-41	Si, O	20-100 Å,hexagonal array
amorphous	irregular size and distribution	silica	Si, O	200 mesh 









In this project, we employed the TMP method to graft and produce isolated active sites on a range of supports.  These supports were then subjected to traditional impregnation and calcination of cobalt nitrate.  This was done because of the interesting result obtained from McGonagle’s report [​[60]​].  Her work suggests that traditional impregnation and calcination of cobalt nitrate on a well-dispersed metal-support surface appears to result in unusually shaped Co3O4 crystallites, which could have interesting properties and potentially be a very new approach for controlling the morphology of Co3O4 crystallites.  The ability to control and influence Co3O4 shape may be an important factor and was the aim of this thesis.  The amount of grafted sites available, along with the various titanium molecular precursors (TiSi, TiSi3, TiSi4 and Ti(OiPr)4) and the cobalt nitrate reservoir therefore provides us with numerous opportunities for future study in the areas of controlling and understanding the Co3O4 morphology.  In this project, we have divided our aim into a number of facets, which are:
	Support effects
	Titanium loading
	Control over Co3O4 morphology




The support used, in this thesis, has mainly been silica but an alumina support was used for comparison purposes.  Support materials with a high surface area (Silica 922), to provide the highest concentration of active sites per mass volume of sample, which yields the highest loading of site-isolated metal centres, have been targeted.  The other supports included Aerosil 200 (Degussa), NanoDur (Spherical non-porous alumina) and in-house synthesised Stöber spherical silica has been investigated (Table 1‑2).  Also included are the supports SBA-15 and MCM-41 studied by Tilley (Table 1‑2).  MCM-41 support was modified by eliminating the outer surface for coordination to produce mod. MCM-41 while sMCM-41 was synthesised to contain no amorphous silica, which was observed in the MCM-41 from a commercial supplier (Table 1‑2).

Table 1‑2: The various support material employed and their properties.











1.4.2	 Titanium molecular precursor loading

In this thesis, attempts to determine the effect the loading of various amounts of the titanium molecular precursor has on the morphology of Co3O4 by means of multi–step grafting have been made.  We also investigated single grafting of various amounts of the molecular precursor onto the supports and investigated the effect the increase in the amount of precursor has in each grafting.

1.4.3	 Control over Co3O4 morphology

We have attempted to determine if it is possible to discontinue the growth process of Co3O4 on support and continue it after calcination.  We have also attempted to determine what effect the amount of cobalt nitrate has on the cobalt nitrate reservoir and the various impregnation methods has on the morphology of Co3O4.
1.4.4	 Steric constraints of ligand

Tilley has determined that the steric constraints of the ligand groups on the molecular precursor affect the loading onto the support [30].  We investigated what affect the inter-metal active site spacing, achieved by the steric constraints of ligand group, has on Co3O4 morphology and on the nature of the active sites.

An accurate investigation of the molecular modified support and Co3O4 deposition requires the use of characterisation techniques that provide complementary information on the cobalt growth and the active site composition.  This is investigated by characterisation techniques, which include XRD, TEM and HAADF-STEM; with emphasis being placed on TEM to identify the root cause for the observed Co3O4 morphologies.  While HAADF-STEM is used in an effort to determine the nature of the titanium sites.  The thesis also provides information and plausible explanations for findings and observations during analysis.

1.5	 Scope of thesis
























2.1	Sample preparation and characterisation

This chapter presents an outline of the experimental techniques used and the theory of image formation in the HRTEM.  This chapter gives all the necessary information to reproduce the experiments in this thesis.  In addition, several methods are explained to obtain structural information from HRTEM micrographs.
General Procedures.  All procedures, unless otherwise stated, were performed under dry nitrogen using standard Schlenk techniques.  Air sensitive materials were stored in nitrogen filled MBraun Unilab Glove box.

All glassware was cleaned and oven-dried at 125 °C before use.  Elemental Analysis (wt%)(CHN) of materials was carried out by Stephen Boyer at London Metropolitan University.  Inductively Coupled Plasma emission spectroscopy (ICP) was carried out at Butterworth Laboratories Limited, in Middlesex.  Ross Blackley or the author at the University of St Andrews ran transmission Electron Microscopy (TEM) on a JEOL 2011 with a Gatan CCD camera and an Oxford Instruments EDX system.  Dr Paul Webb and Barbara Walker at Sasol Technology UK carried out reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) on a Nicolet Avatar 370 Cs1.  Sajanikumari Sadasivan is thanked for synthesis of sMCM-41 support and Carol Read for synthesis of Stöber spherical silica support.  The calcination of materials was carried out in a Lenton LTF 12/38/250 furnace with a gas flow rate of 100 ml/min and a ramp rate of 10 °C/min (unless otherwise stated).  PZC analysis was performed by Carol Read at Sasol STUK.  PZC values were measured using NaNO3 solutions (taken in different titration flasks).  The pHs of the solutions were adjusted to 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11 using HNO3 and NaOH solutions.  The initial pH of the solution was recorded with a pH meter.  0.2 g of sample was then added to each flask and was stirred for 24 h.  The final pH of the solution was recorded; ΔpH (the difference between initial and final pH) was plotted against initial pH values.  The PZCs values were calculated from ΔpH versus pH plots.  Calum Dickinson of the University of Limerick performed HAADF-STEM on JOEL JEM 2100F with STEM attachment, which simultaneously obtains bright field (BF) and high angular dark field (HAADF) atomic resolution images.

Materials: Dry solvents tetrahydrofuran (THF), hexane and petroleum ether fraction (hexane), were obtained from an Innovative Technologies solvent purification system (SPS).  The supports (silicas and aluminas) were pre-dried in furnace at 300 °C before use.  All other reagents used were obtained from Sigma-Aldrich and used as received.  The type of supports and their surface area used in this project are summarised in Table 2‑1.

Table 2‑1: Support types and surface areas* These supports contain some amorphous silica.

Support	Surface Area in m2/g	Type of Support	Structure
MCM-41	1020	SiO2	ordered mesoporous *
mod MCM-41	1002	SiO2	ordered mesoporous* 
sMCM-41	815	SiO2	ordered mesoporous
SBA-15	563	SiO2	ordered mesoporous and microporous
Silica 922	373	SiO2	amorphous, irregular pores
Aerosil 200	195	SiO2	amorphous, irregular pores
NanoDur	34	Al2O3	crystalline, spherical





Experimental procedure for modification of MCM-41 involved the following steps.  MCM-41 (2 g) was suspended in 15 ml of THF.  To this stirring suspension, a solution of dichlorodiphenylsilane (0.148 g, 5.8 × 10-4 mol) was added and stirred at room temperature for 1 h.  The suspension was then filtered and dried in vacuo, yielding a white sample of mod MCM-41.
2.1.1.2	sMCM-41





A solution of 37 ml distilled water, 125 ml EtOH and 6.07 g aqueous NH4OH (35 wt%) was made up and added to 5.2 g TEOS in 125 ml EtOH solution these was stirred moderately at room temperature for 6 h (turned turbid after approx ½ h) [​[62]​.].  The mixture was placed on the rotary evaporator to remove all the solvent, then washed with 250 ml EtOH and dried again on the rotary evaporator (150 mbar, 60 °C) which yielded the Stöber spherical silica.

2.1.2	Preparation of TEST samples
2.1.2.1	TEST baseline

Cobalt nitrate (0.9 g, 3.1 mmol) was dissolved in 60 ml of water, the pH adjusted to below 3, and 0.5 g of Silica 922 was then added and subjected to drying and calcination to yield black product TEST baseline.
2.1.2.2	TEST standard

Cobalt nitrate (0.225 g, 0.755 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 and 0.5 g of Silica 922 was then added and subjected to drying and calcination to yield black product TEST standard.
2.1.2.3	TEST TEM grid

Cobalt nitrate (1.8 g, 6.2 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 and subjected to drying.  A small amount of the dried cobalt nitrate was dissolved in acetone and suspended on the TEM grid and calcinated to yield a black product.  TEST TEM grid sample.

2.1.3	Preparation of molecular precursors TiSi, TiSi3 and TiSi4
2.1.3.1	Preparation of tris(tri-t-butoxysiloxy)isopropoxytitanium -TiSi3

A solution of tetraisopropoxytitanuim (2.76 ml, 0.01 mol) in 10 ml of benzene was added to a stirring solution of tri-t-butoxysilanol (7.93 g, 0.03 mol) in benzene (15 ml) [​[63]​] (Figure 2‑1). 

Figure 2‑1: Preparation of tris(tri-t-butoxysiloxy)isopropoxytitanium (TiSi3).

The reaction mixture was refluxed for 1 h.  The solution was then evaporated under reduced pressure.  The product was obtained via recrystallisation from hexane at -30 °C as a white powder of TiSi3 (Figure 2‑1).  Elemental Analysis (wt%) Found: C, 52.14, H, 10.01 calculated: C, 52.21; H, 9.89.  ICP analysis (Ti wt%): measured 6.58, calculated 5.33.

2.1.3.2	Preparation of tetra(tri-t-butoxysiloxy)titanium -TiSi4

A solution of Ti(NEt2)4 (3.36 ml, 0.01 mol) in 10 ml of toluene was added to a stirring solution of tri-t-butoxysilanol (10.57 g, 0.04 mol) in toluene (15 ml) (Figure 2‑2) [​[64]​].  The reaction mixture was refluxed for 1 h.  The solution was evaporated under reduced pressure.  The product was obtained via recrystallisation from hexane at -30 °C as a white powder TiSi4.  Elemental Analysis (wt%) Found: C, 52.91; H, 10.67 calculated: C, 52.34, H, 9.88.  ICP analysis (Ti wt%): measured 4.50, calculated 4.35.


Figure 2‑2: Preparation of tetra(tri-t-butoxysiloxy)titanium (TiSi4).

2.1.3.3	Preparation of (tri-t-butoxysiloxy)tri-t-butoxytitanium TiSi




Figure 2‑3: Preparation of (tri-t-butoxysiloxy)tri-t-butoxytitanium (TiSi).

2.2	Synthetic methods employed in Chapter 3

2.2.1	Representative procedure for the synthesis of tris tert-butoxy siloxide metal samples with various supports

















* The support materials were dehydrated at 300 °C under a dynamic vacuum for 24 h.































The TiSi3 (3 × 10-2 g, 3.29 × 10-5 mol) was dissolved in hexane (25 ml) and transferred, via cannula, to a stirred mixture of SBA-15 (2 g) in hexane (10 ml).  A second amount of hexane (10 ml) was added to the flask that contained the TiSi3 to dissolve any residual precursor, and this was transferred to the SBA-15 mixture.  The mixture was stirred overnight (16 h) at room temperature, after such time, the hexane was removed via filtration and dried under reduce pressure to afford a white solid product 47.  Elemental Analysis (wt%) Found: C, 0.10, H, <0.10.  ICP analysis (Ti wt%): measured 0.09, calculated 0.16 %.
2.2.1.8	 Sample 87

The TiSi3 (5.1 × 10-2 g, 5.59 × 10-4 mol) was dissolved in hexane (25 ml) and transferred, via cannula, to a stirred mixture of sMCM-41 (2 g) in hexane (10 ml).  A second amount of hexane (10 ml) was added to the flask that contained the metal precursor to remove any remaining precursor and this was transferred to the sMCM-41 mixture.  The mixture was stirred overnight (16 h) at room temperature, after such time, the hexane was removed via filtration and dried under reduce pressure to afford a white solid product 87.  Elemental Analysis (wt%) Found: C, 1.38, H, 0.48.  ICP analysis (Ti wt%): measured 0.17, calculated 0.27 %.

2.2.2	Representative procedure for the calcination of site isolated organometallic samples on support

The impregnation is followed by calcination of the molecular precursor on support at 300 ºC (Figure 2‑5) in a flow of air to produce the calcined samples; Sample 3, Sample 7, Sample 13, Sample 32, Sample 35, Sample 43, Sample 48 and Sample 88.












Figure 2‑5: The schematic of the formation of isolated active sites on various supports.


The various supports with metal loadings are summarised in Table 2‑2 

Table 2‑2: Summary of the various metal loadings of various supports.

grafted sample	calcined sample





































The grafted sample on SBA-15, Sample 47, was calcined in a furnace at 300 °C for 3 h under a flow of air.  The material was removed from the furnace as a pale white solid product 48.  Elemental Analysis (wt%) Found: C, <0.10, H, <0.10 %.
2.2.2.8	Sample 88

The grafted sample on sMCM-41, Sample 87, was calcined in a tube furnace at 300 °C for 3 h under a flow of air.  The material was removed from the furnace as a pale white solid product 88.  Elemental Analysis (wt%) Found: C, 0.17, H, 0.49 %.

2.2.3	Standard procedure for cobalt nitrate impregnation.

The modified support, summarised in Table 2‑3, is subjected to a cobalt salt impregnation and drying procedure whereupon the cobalt nitrate is then decomposed to Co3O4 through calcination Figure 2‑6.  A large number of metal oxide supports with Co3O4 impregnated were prepared applying a single/multi-step incipient wetness procedure.  Impregnation is followed by drying and calcination to decompose the supported cobalt nitrate hexahydrate.  The samples was obtained by dissolving cobalt nitrate hexahydrate in distilled water (60 ml) and acidification to pH 2-3, with nitric acid, and added to 1 g of the solid modified support material.  The water was removed in vacuo and the resulting material was calcined at 250 °C for 6 h under a flow of air.












Figure 2‑6: Impregnation of Co(NO3)2·6H2O and calcination to yield Co3O4 on modified support.
The following quantities (Table 2‑3) of cobalt nitrate hexahydrate were added to 1 g of support.

Table 2‑3: Summary of the amount of cobalt nitrate hexahydrate added to various support and the numbering system implemented.













The calculations of cobalt nitrate quantities that can be loaded onto the supports are based on the amount of cobalt nitrate per m2 of support and are as follows:

Per 5 g of alumina 4 g cobalt nitrate
Per 1 g of alumina  = 0.8 g cobalt nitrate
Per m2 of alumina =5 mg cobalt nitrate (* surface area of alumina)
Per 1 g of Silica 922- 0.005 x 373#= 1.87 g cobalt nitrate (# surface area of Silica 922.)

Using the calculations outlined above for all the supports the cobalt nitrate loading for NanoDur (surface area 34 m2/g), Aerosil 200 (surface area 195 m2/g) Stöber spherical silica (surface area 15.18 m2/g), SBA-15 (surface area 563 m2/g), MCM-41 (surface area 1020 m2/g), mod MCM-41 (surface area 1002 m2/g ) and sMCM-41 (surface area 815 m2/g) are 0.17 g, 0.98 g, 0.08 g, 2.8 g, 5.10 g, 5.01 g and 4.10 g respectively.  





The TiSi3 (2.22 × 10-2 g, 2.5 × 10-5 mol) was dissolved in hexane (25 ml) and transferred, via cannula, to a stirred mixture of silica (2 g) in hexane (10 ml).  A second amount of hexane (10 ml) was added to the flask that contained the TiSi3 to remove any residual precursor, and this was transferred to the silica mixture.  The mixture was stirred overnight (16 h) at room temperature, and after such time was dried under reduce pressure to afford a beige coloured solid Sample 29.  (Noteworthy is that this step does not contain a filtering step as with the previuos preperation, so any unabsorbed molecular precursor is support and is not filtered off.  Elemental Analysis (wt%) Found: C, 0.21, H, 0.75. The above produced sample was subjected to calcination at 300 °C to produce a white compound (Sample 29A).  Elemental Analysis (wt%) Found: C, 0.45, H, 0.31.  ICP analysis (Ti wt%): measured 0.06, calculated 0.11 %.

2.3.2	Representative procedure for the multi-grafting of molecular precursor on support and variation in quantity of TiSi3

The multi-grafting involves a first, second and third grafting of precursor on support.









TiSi3 (3.72 × 10-1 g, 4.15 × 10-4 mol) was added to Silica 922 (2 g) in a suspension of hexane and stirred for 16 h, filtered and dried to produce a pale white coloured solid (Sample 80).  Elemental Analysis (wt%) Found: C, 0.76; H, 0.71.  The above produced sample was subjected to calcination to produce white compound (Sample 81).  Elemental Analysis (wt%) Found: C, 0.10, H, <0.10 %.  ICP analysis (Ti wt%): measured 0.68, calculated 1.98 %.

The experiments for the addition of the molecular precursor,TiSi3 in various amounts and impregnation steps onto Silica 922 each grafting is followed by calcination and are outlined in Figure 2‑7.

Figure 2‑7: Illustration depicting the utilization of the hydroxyl groups with single (Samples 2, 80 and 78A), double (Sample 22) and triple (Samples 25A*, 25B#, 61 and 58) grafting of TiSi3 on Silica 922. 





2.22 × 10-2 g (4 × 10-4 mol) of TiSi3 was dissolved in hexane and added to modified support (Sample 3).  The resulting suspension in hexane was stirred for 16 h.  Whereupon it was filtered and the evaporated to dryness (Sample 22).  Elemental Analysis (wt%) Found: C, 1.27, H, 0.97.  Calcinations at 300°C produced a white Sample 23.  Elemental Analysis (wt%) Found: C, 1.12, H, <0.10.  ICP analysis (Ti wt%): measured 0.10, calculated 0.22 %.

















TiSi3 (0.066 g, 7.4 × 10-5 mol) was added to a modified support containing two previous graftings of molecular precursor TiSi3, Sample 23 (2 g), in a suspension of hexane and stirred for 16 h, filtered and dried to produce a white coloured solid (Sample 58).  Elemental Analysis (wt%) Found: C, 0.99, H, <0.14.  The above produced sample was subjected to calcination to produce white compound (59).  Elemental Analysis (wt%) Found: C, <0.1, H, <0.1.  ICP analysis (Ti wt%): measured 0.24, calculated 0.57 %.






Table 2‑4: Summary of samples synthesised in Chapter 4.





1st grafted (3.3% ) β	78	0.066	0.074	0.35	0.066	0.35	78A	0.19	0.35
1st grafted (18.6%) β 	80	0.372	0.415	1.98	0.372	1.98	81	0.68	1.98
2nd grafted (1.1%) β	22	0.022	0.025	0.12	0.044	0.23	23	0.10	0.22
3rd grafted (1.1%) β	25B#	0.022	0.025	0.11	0.067	0.29	26B	0.20	0.33
3rd grafted (3.3%) β	61	0.066	0.074	0.35	0.088	0.57	62	0.24	0.53
3rd grafted (5.1%) β	25A*	0.099	0.111	0.53	0.102	0.71	26A*	0.30	0.71
3rd grafted (6.6%) β	58	0.133	0.148	0.70	0.135	0.88	59	0.33	0.88
$ the weight %Ti calculated on the surface. α the calculated Ti wt% added in grafting step. β where the % is the % of TiSi3 and not Ti%. γ value calculated according to calculated amount added 

The cobalt nitrate hexahydrate (1.87g, 6.43 mmol) was dissolved in distilled water (60 ml) and acidified to pH 2-3 with nitric acid whereupon the 1 g of solid modified support material was added.  The drying procedure followed to yield a purple powdered samples (29A, 79, 82, 24, 27A*, 27B and 63) thereafter the material was calcined at 250 °C for 6 h under a flow of air.  The produced Co3O4 samples are 29B, 79B, 82B, 24B, 27A*B, 27BB, 60B and 63B. 

2.4	Synthetic methods employed in Chapter 5

2.4.1	Cobalt nitrate impregnation and calcination modifications









Sample 3 are prepared in section 2.2.2.1 while cobalt nitrate impregnated sample, Sample 4, is prepared in section 2.2.3 as well as calcined sample, Sample 4B.  The following quantities (Table 2‑5) of cobalt nitrate hexahydrate were added to 1 g of support.


Table 2‑5: Summary of the amount of cobalt nitrate hexahydrate added to 1g of support and the numbering system implemented.


























Cobalt nitrate (3.6 g, 12.4 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 whereupon TiSi3 modified silica 3 (1 g) was added and subjected to drying and calcination to yield black product 21B.  ICP analysis (Co wt%): measured 22.60, calculated 49.70%.
2.4.2.3	Sample 28B





Cobalt nitrate (0.45 g, 1.55 mmol) was dissolved in 60 ml of water, the pH adjusted to below 3, and 1 g of 3 was then added and subjected to drying and calcination to yield black product 45B.  ICP analysis (Co wt%): measured 6.10, calculated 6.23 %.

Calculation for pore filling amount: 
Solubility of Co(NO3)2·6H2O is  [​[66]​] thus solubility of Co(NO3)2·6H2O is 
Pore volume of Silica 922 = 
Maximum pore filling loading of Co(NO3)2·6H2O on Silica 922== 0.45g/1 ml

















































This sample was produced to have 0.08 wt% Ti on sample so a comparison to Sample 3 can be made, thus TiSi3 (0.02 g, 2.6 × 10-5 mol) was added to Silica 922 (2 g) in suspension of hexane and stirred for 16 h, filtered and dried to produce a pale white coloured solid (Sample 102).  The above produced sample was subjected to calcination to produce white compound (Sample 103).  Elemental Analysis (wt%) Found: C, 0.86, H, <0.10.  ICP analysis (Ti wt%): measured 0.10, calculated 0.08 %.

2.4.3.3	Sample 104B




Cobalt nitrate (0.87 g, 2.99 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 and 1 g of 103 was then added and subjected to drying and calcination to yield black product 104B.  ICP analysis (Co wt%): measured 14.60, calculated 12.01 %.
2.4.4	Calcination modification 

These experiments were performed to determine at which stage in the calcination stage the nanorods are formed and what effect the lowering of calcination step has on nanorod crystallinity.
2.4.4.1	Sample 54
Sample 4 calcined at 220 °C for 6 h yielded Sample 54.
2.4.4.2	Sample 73
Sample 4 calcined at 220 °C for 3 h yielded Sample 73.
2.4.4.3	Sample 74
Sample 4 calcined at 220 °C for 2 h yielded Sample 74.
2.4.4.4	Sample 75
Sample 4 calcined at 220 °C for 1 h yielded Sample 75.
2.4.4.5	Sample 76
Sample 4 calcined at 220 °C for 4 h yielded Sample 76.
2.4.4.6	Sample 77
Sample 4 calcined at 220 °C for 5 h yielded Sample 77.

2.5	Synthetic methods employed in Chapter 6

Experiments in this chapter were planned to investigate the effect the steric constraints of the ligand groups of the precursors TiSi4, TiSi and TiOiPr has on the nature of sites and Co3O4 morphology.

2.5.1	Experimental procedures for molecular precursor Ti(OSi(OtBu3)4[TiSi4]
2.5.1.1	Sample 51


































Cobalt nitrate (0.45 g, 1.55 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 whereupon titanium modified silica 84A (1 g) was added and subjected to drying (101) and calcination to yield black product 101B.  ICP analysis (Co wt%): measured 4.48, calculated 6.43 %.










M: Amount of cobalt nitrate (g) per 1 g support. * mmol amount of cobalt nitrate

2.5.2	Experimental procedures for (OtBu)3Ti(OSi(OtBu3) [TiSi] molecular precursor
2.5.2.1	Sample 95

















The TiSi (2.25×10-2 g, 4.24×10-5 mol) was dissolved in hexane (25 ml) and transferred, via cannula, to a stirred mixture of silica (2 g) in hexane (10 ml).  A second amount of hexane (10 ml) was added to the flask that contained the TiSi to remove any residual sample, and this was transferred to the silica mixture.  The mixture was stirred overnight (16 h) at room temperature, and after such time was filtered under nitrogen, washed and isolated by vacuum drying to a off-white solid 106.  Elemental Analysis (wt%) Found: C, 0.35, H, <0.1.  ICP analysis (Ti wt%): measured 0.34, calculated 0.21%. Due to the ICP measured value being more than the calculated value we will use this as a comparative sample for compairing excess amount of the ligand only and not the ICP values.
2.5.2.6	Sample 107





Cobalt nitrate (0.45 g, 1.55 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 whereupon precursor modified silica 107 (1 g) is added and subjected to drying (111) and calcination to yield black product 111B.  ICP analysis (Co wt%): measured 6.10, calculated 6.43 %.








M: Amount of cobalt nitrate (g) per 1 g support. * mmol amount of cobalt nitrate.

2.5.3	Experimental procedures for Ti(OiPr)4
2.5.3.1	Sample 90













Cobalt nitrate (0.45 g, 1.55 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 whereupon precursor modified silica 91 (1 g) was added and subjected to drying (92) and calcination to a yield black powder 92B.  ICP analysis (Co wt%): measured 5.80, calculated 6.43 %.
2.5.3.5	Sample 109









Cobalt nitrate (0.45 g, 1.55 mmol) was dissolved in 60 ml of water and the pH adjusted to below 3 whereupon precursor modified silica 110 (1 g) was added and subjected to drying (112) and calcination to yield black product 112B.  ICP analysis (Co wt%): measured 5.70, calculated 6.43 %.







M: Amount of cobalt nitrate (g) per 1 g support. * mmol amount of cobalt nitrate.
2.6	High Resolution Transmission Electron Microscopy 

The most widely used technique in this project is High Resolution Transmission Electron Microscopy (HRTEM) [​[67]​, ​[68]​, ​[69]​].  In this section, the basic theory of electron microscopy, as well as techniques such as imaging, energy dispersive X-ray spectroscopy (EDX), selected area diffraction (SEAD) and dark field (DF) imaging are described.

2.6.1	Sample preparation for HRTEM





Figure 2‑9: TEM grid showing individual components.
Sample preparation by solvent suspension involves grinding of the sample using a pestle and mortar.  Acetone is added to the sample to afford a suspension.  One drop of the suspension is then dropped onto a holey carbon film supported on a 3 mm copper or gold grid.  The solvent is then allowed to evaporate, leaving the deposited sample on the film behind.  As seen in Figure 2‑9 a diagram displaying the copper grid with an enlarged section so the holey carbon grid can be seen.

2.6.2	Theory, components and operation of TEM

A transmission electron microscope consists of an illumination system, specimen stage and imaging system.  The lenses allow the operator to guide and manipulate the beam as required.  Also required is a device to allow the insertion into, motion within, and removal of specimens from the beam path, called a sample chamber.  TEM specimen stage designs include airlocks (​http:​/​​/​en.wikipedia.org​/​wiki​/​Airlock" \o "Airlock​) to allow for insertion of the specimen holder into the vacuum, with minimal increase in pressure in other areas of the microscope (Figure 2‑10).  Insertion procedures for side entry TEM holders typically involve the rotation of the sample to trigger micro switches (​http:​/​​/​en.wikipedia.org​/​wiki​/​Micro_switch" \o "Micro switch​) that initiate evacuation of the airlock before the sample is inserted into the TEM column.  


Image taken from: http://en.wikipedia.org/wiki/Transmission_electron_microscopy (​http:​/​​/​en.wikipedia.org​/​wiki​/​Transmission_electron_microscopy​)

Figure 2‑10: TEM sample holder.





TEM is a microscopy (​http:​/​​/​en.wikipedia.org​/​wiki​/​Microscope" \o "Microscope​) technique where a beam of electrons (​http:​/​​/​en.wikipedia.org​/​wiki​/​Electron" \o "Electron​) is transmitted through a sample and interacts with the sample as it passes through.  The images formed are due to the interaction of the electrons with the sample and are transmitted through the sample, whereupon a magnified image is viewed on a fluorescent (​http:​/​​/​en.wikipedia.org​/​wiki​/​Fluorescent" \o "Fluorescent​) screen or photographic film (​http:​/​​/​en.wikipedia.org​/​wiki​/​Photographic_film" \o "Photographic film​) or a CCD camera (​http:​/​​/​en.wikipedia.org​/​wiki​/​CCD_camera" \o "CCD camera​) (Figure 2‑11). 


Image taken from: http://en.wikipedia.org/wiki/Transmission_electron_microscopy (​http:​/​​/​en.wikipedia.org​/​wiki​/​Transmission_electron_microscopy​)

Figure 2‑11: a) Schematic layout of basic TEM microscope.  b) Schematic layout of optical components in a basic TEM.





The gun of the TEM consists of an emission source, which may be a tungsten (​http:​/​​/​en.wikipedia.org​/​wiki​/​Tungsten" \o "Tungsten​) filament, or a lanthanum hexaboride (LaB6) source.  The emission source is heated in a vacuum, generating excited electrons that become free electrons that are directed to the anode (200 kV).  A free electron leaves the filament with high potential energy and no kinetic energy and all the potential energy is converted to kinetic energy while travelling to the anode.  The kinetic energy of an electron (eV), which is half the mass (m) and the velocity (v) squared, can be related to wavelength (λ).  Since de Brogilie’s equation shows that the momentum of the electron (p) is equal to the product of its velocity and mass and Planck’s constant (h) divided by the wavelength, thus we can derive the wavelength of an electron.  This can be seen in equation (1) and equation (2).
 SHAPE  \* MERGEFORMAT                                  where                                                                      (1)
where p is replaced by de broglie equation
As the voltage is high, the velocity of the electron can be compared to the speed of light.  When V is large, v can be compared to the speed of light c, and relativistic correction is needed (Equation 2).


And thus                                         (2)
For 200 kV, the usual operating voltage of the microscope in this project, the value of the wavelength is 2.51 x 10 -3 nm.
The electron beam moves down the column through a series of lenses and apertures (Figure 2‑11).  The first lens encountered by the beam is the condenser lens; this focuses the beam onto the sample.  The contrast of the sample is changed by using different sizes of the condenser apertures, which is located just below the lens.  After the specimen, the beam is refocused by objective lens, which allows the diffraction planes to be observed.  The objective aperture can also be used to increase the sample contrast and view dark field imaging.  The beam finally passes through the projector lenses, which produces the image on the viewing screen.
The general rule of HRTEM is the better the alignment, the better the quality of image.  Good resolution is important but it is impossible to produce a 100 % perfect lens.  The major defect is called spherical aberration.  The effect (Δr), which is the difference between where the beam should theoretically be compared to reality and is proportional to the magnification (M), the coefficient of spherical aberration (Cs) and the solid angle (α).  This gives us Equation 3 and the effect of an imperfect lens can be seen in Figure 2‑12.




Figure 2‑12: Illustrated effect of lens distortion on image.  The focal length is the distance between point Q and the lens or length ‘a’ in the diagram, where a≈F.

Since the value of Δr is dependent on the distance between the lens and the image (b), then the effect (εs) can be written as Equation 4 with further substitution as the magnification divided by the distance ‘b’, is equivalent to the reciprocal focal length (F), length a in Equation 4.  Additionally, since α is very small, tan α will be roughly equal to α and therefore the angle will be approximately equal to R/F.

                                                                                (4)





Figure 2‑13: Phase shift is observed due to spherical aberration and total path difference needs to be calculated.  This is the extent of the path difference between beam passing through the perfect lens, P, and defect lens, P2.

The derivative of the spherical aberration leads to solving the total path difference, Ws(α), given by Equation 5.

With dS=εsdR
    (5)





Figure 2‑14: Diagram showing how a defocus conditions will put the images behind the Gaussian plane by a factor of Δb.

The effect of the defocus (εf) is equal to the product of the effect for length b (Δb) and the angle β divided by the distance b, Equation 6.  As α, β angles in Figure 2‑14. is very small and therefore is roughly equivalent to tan β.  The defocus phase shift, Equation 7, can then be used to give Scherzer’s formula (Equation 8).

                                                                                                    (6)
                                                                             (7)
                                                                   (8)

The phase contrast transfer function (PCTF) can be calculated employing Equation 9 from Equation 8.  

 EMBED Equation.3  Where                                                (9)

Figure 2‑15a shows that for Gaussian focus, the contrast of the unfocussed sample is not present when S1 is low.  The problem arises when in Figure 2‑15b for Scherzer focus, with S1 being larger and positive, that S2 is present.  The contrast of the unfocussed sample is then present.

Figure 2‑15: a) No phase contrast when S1 is low. b) When S1 is large and positive, then S2 is present. S2 is the interpretable resolution limit and the line where it crosses the axis is known as point resolution.

S2 is known as the interpretable resolution limit (Equation 10) and where the line crosses the axis is known as the point resolution.  The resolution limit, Δx, can then be calculated with it being the reciprocal of S2 (Equation 11).

                                                                                   (10)
                                                                                     (11)





Figure 2‑16: TEM images of a mesoporous silica specimen recorded in a) under focused, b) over focused conditions.





After the exit wave has left the sample, the electron wave front has to be transformed into an image.  As the exit wave includes phase information these phase differences have to be transformed to intensities.  There are three formation mechanisms of image contrasts in TEM; mass-thickness, diffraction and phase contrast.

For mass-thickness contrast, the thicker the sample, the darker the contrast, however the mass of the material has to be taken into account.  Materials of high mass, such as heavy atoms and dense crystals, will have an increased probability of scattering the electrons at a high angle.  These high angle scattered electrons tend to be removed by the use of an aperture.  If only a small amount of information is obtained then the data will have a low intensity, and therefore darker contrast.  To improve the contrast a smaller objective aperture and lower acceleration voltage may be employed.

Diffraction contrast is seen with crystalline material.  This contrast is mainly from the stresses in crystal directions that shift the atomic column out of alignment.  The resulting diffraction contrast effect is caused by the interference of the electron waves.  The amount of strain on the atoms will differ from one crystal direction to the next so the contrast will be affected by the crystal orientation.  Other effects include; sample preparation, crystal thickness and defects within a crystal.  The defects amplify this atomic distortion, making the diffraction contrast very useful for defect investigation.  Best results are obtained employing a small objective aperture and middle magnification.  Diffraction contrast has a limited resolution of 1-3 nm because it is based on the crystal structure stresses.

To view atomic columns in HRTEM, phase contrast is required.  The wavelength of an electron was calculated previously in Equation 2, although this is for an electron passing unhindered through the vacuum of the microscope.  When the electron passes through a crystal, individual atoms cause the phase to change, thus changing the phase of the electron.  The electrons that are least affected will result in a different contrast to those that are more affected.  The density and thickness of the sample will greatly alter the phase of the electron and therefore show very dark contrasts for both.  Additionally, if the sample is too thin, only one atom deep, the effect on the phase of the electron will be too small for a contrast difference.  Phase contrast is very much dependent on small fluctuations in the electron wavelength and requires good beam alignment for good imaging of the particle.  Just as important for imaging, is the particle itself and the location on the carbon film (Figure 2‑17).


Figure 2‑17: Possible specimen locations on the carbon film.





The transmission electron microscope can in most cases be operated in six ways:
Conventional imaging, bright-field (BF) and dark-field (DF) modes
Selected area electron diffraction (SAED)
Convergent beam electron diffraction (CBED)
Z-contrast imaging
Energy dispersive X-ray spectroscopy (EDS)
Electron energy loss spectroscopy (EELS)

I will only describe three of them: conventional imaging, bright- (BF) and dark-field (DF) modes, selected area electron diffraction (SAED), Energy dispersive X-ray spectroscopy (EDS).

2.6.3.1	Conventional imaging, bright-field (BF) and dark-field (DF) modes








Figure 2‑18: a) The bright field imaging mode b) The dark field imaging mode.

2.6.3.2	Selected Area Electron Diffraction (SAED)





Figure 2‑19: The three types of SAED patterns: a) Amorphous material showing solid ring, b) Polycrystalline material with characteristic broken ring pattern, c) 2D pattern of a single crystal.




Figure 2‑20: Schematic drawing showing how to calculating the d-spacing.

In Equation 12 d* is the reciprocal d-spacing, D* is the distance between a diffraction spot and the centre of the pattern on the negative and L is the camera length.  The accuracy of d-spacing measurents of 4.5 Å are 4.5 (1) Å.

                                                                                                                     (12)





Figure 2‑21: A diagram of a diffraction pattern with a superstructure (additional weak reflections in diffraction (​http:​/​​/​en.wikipedia.org​/​wiki​/​Diffraction" \o "Diffraction​) patterns) of a particle with a cubic unit cell viewed down the [110] zone axis.  The figure shows there is 3-fold superstructure in the (10) direction but not the (001) direction.

2.6.3.3	Energy Dispersive X-ray spectroscopy (EDS/EDX)





Figure 2‑22: EDX window showing elemental analysis.




Figure 2‑23: a) Diagram of a bombarding electron knocking out a K-shell electron. b) Diagram of electrons, from a higher shell, moving down into the space in the K-shell and the corresponding x-ray energies.

2.7	High Angle Annular Dark Field Scanning Transmission Electron Microscopy (HAADF-STEM)

Annular dark-field imaging is a method of analysing samples in a scanning transmission electron microscope (​http:​/​​/​en.wikipedia.org​/​wiki​/​Scanning_transmission_electron_microscope" \o "Scanning transmission electron microscope​) (STEM).  The images are formed by collecting scattered electrons (​http:​/​​/​en.wikipedia.org​/​wiki​/​Electrons" \o "Electrons​) with a high angle annular dark-field detector (HAADF detector).  An annular dark field detector collects electrons from an annulus around the beam, sampling far more scattered electrons than can pass through an objective aperture.  An annular dark field image is formed only by very high angle; incoherently scattered electrons and almost only incoherent Rutherford scattering contribute to the image.  This makes this scattering technique highly sensitive to variations in the atomic number of elements in the sample (Z-contrast images).  HAADF-STEM images show little or no diffraction effects, and their intensity is approximately proportional to Z2.
2.8	Point of zero charge

The point of zero charge (PZC) describes the condition when the electrical charge density on a surface is zero. Details of how the experiment is conducted is explained in section 2.1 and a typical graph is shown in Figure 2‑24.


Courtesy of © L. Bruce Railsback from the “Some Fundamentals of Mineralogy and Geochemistry” website

Figure 2‑24: Typical PZC graph indicating point of zero charge for sample.
2.9	Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is a technique that gathers and analysis scattered IR energy.  When the IR beam passes through the sample, it can be reflected off the surface of a particle or transmitted through the sample.  The IR beam that passes through a particle can either reflect off the next particle or be transmitted through the next particle.  This transmission-reflectance can occur numerous times in a sample, which increases the path length.  Finally, such scattered IR energy is collected by a spherical mirror that is focused onto the detector.  The detected IR light is partly absorbed by particles of the sample, giving us the sample data (Figure 2‑25).


 Courtesy of the NUANCE centre

Figure 2‑25: Typical DRIFTS schematic of the collection and analysis of scattered IR energy.

2.10	Nitrogen adsorption desorption isotherms




















3	Support and molecular precursor effect on Co3O4





The support material plays a number of important roles in heterogeneous catalysis.  Firstly, the support plays a role in the dispersion of the active phase giving rise to a high surface area containing the catalytically active phase.  Secondly, the support also stabilises this active phase and so prevents a loss of active surface area during a reaction.  Thirdly, the support also plays a role in maintaining the catalyst mechanical strength and facilitates the mass or heat transfer in a diffusion-limited or exothermic reaction.  Thus, the objective of adding a catalyst support is to provide a large surface area for the formation and stabilisation of small crystallites in the catalyst.  When catalysts are used in slurry phase catalysis, the support plays a crucial role in attrition-resistance of a catalyst [​[71]​].  While for fixed-bed reactor the support plays a role in efficient dissipation of heat [71], which is crucial.
All these physical properties are important but chemical interaction between the active phase and the support is also an important factor and can considerably affect the catalytic behaviour.  A balanced interaction between the support and the active phase is important in the synthesis of catalyst material.  A balance is needed between the support and the active phase as too weak an interaction may lead to a poor dispersion of the active phase or if the interaction is too strong this will cause difficulty in the reduction of the precursor to the active phase [​[72]​].  The support may also have significant effects on the catalyst activity and selectivity due to strong metal-support interactions (SMSIs).  Davis and co-workers [​[73]​] compared the catalytic performances of Co catalysts supported on SiO2, Al2O3, and TiO2.  They found that the reduction of Co species is related to the metal-support interaction and the strength of these interactions decreased in the order Al2O3>TiO2>SiO2.  Several research groups have clarified that the precursor of cobalt is an important factor which affects reducibility as the nature of the cobalt precursor would strongly affect its interaction with the support [​[74]​, ​[75]​].  Bessel [​[76]​] has investigated the effect of the various supports on cobalt based catalysis and has shown that support acidity has a strong influence on product distribution of the hydrocarbons. 
Furthermore, the pore structure of the support also affects the catalytic performance by changing the reducibility and the size of the active phase or by influencing the diffusion of reactants and/or products.  For the slurry-phase reactions, the pore size of the different supports was found to be a key factor as diffusion becomes a problem [​[77]​].  However, little information is available on the sole effect of pore size without variation of the reducibility and size of the metal particles.  The development of techniques for the preparation of catalysts with a high reducibility and a certain size of metal nanoparticles but a changeable pore sizes remains a challenge.
In short, the effects of supports on catalytic behaviour are complicated and a wide range of comprehensive analysis is often required.  It appears that the interaction between the support and the active metal, the location of metal particles and the pore structure and pore size of the support are important factors when the effects of support are concerned.  These factors can determine the degree of metal reduction and the metal particle size or morphology.




3.2.1	Preparation of site isolated supported metals

This first step involves the precursor reacting with surface Si-OH via a protonlysis reaction [70], to yield species bound to the surface via Si-O and/or M-O linkage (Figure 3‑1 A).  Step 2 involves the removal of the organic ligand system through calcination at 300 °C, which brings about the loss of isobutylene from the molecular precursor, facilitating additional Si-OH sites to form increasing the number of M-O-Si-O (B in Figure 3‑1) surface linkages providing a stable anchor for the metal centre.  This route provides a mechanism for stable formation of isolated metal sites on the support surface.


Figure 3‑1: The grafting of iPrOTi[OSi(OtBu3)]3 on support producing products A followed by calcinations producing product B.














Figure 3‑2: The grafting of iPrOTi[OSi(OtBu3)]3 and the supports that were used.

The molecular precursor was added to the support material in hexane and stirred for 16 h.  Filtration and drying followed to produce the white modified support.  The impregnation is followed by calcination of the molecular precursor on the support at low temperatures (300ºC) to remove the organic moieties of the ligand.  The schematic of the calcination of the samples is summarised in Figure 3‑3.












Figure 3‑3: The schematic of the formation of isolated metal sites on various supports.

Elemental Analysis (wt%)was performed on calcined (2, 6, 12, 31, 34, 42, 47, 87) and uncalcined samples (3, 7, 13, 32, 35, 43, 48, 88) with complete carbon removal upon calcination (<0.5 %) visible from these results.  CHN results thus indicate that the calcination at 300 °C is sufficient to remove the organic ligands from this system and there is still titanium present after calcination, on the calcined samples (Table 3‑1).  Thus, the TMP process involves the grafting of the molecular precursor followed by calcination to yield isolated metal sites on the support surface.  The vital characteristic of these sites requires them to be accessible and abundant, so that the maximum influence on the cobalt nitrate hexahydrate can be achieved.  The molecular precursor requires an intimate interaction with the cobalt in order to influence morphology of the Co3O4, therefore it is desirable for the grafted sites to be well dispersed which is why this procedure is adopted to ensure adequately isolated metal active sites.

Table 3‑1: Elemental Analysis (wt%) and ICP results obtained from the uncalcined grafted metal samples on each support and calcined grafted metal on support.












3.2.2	Point of zero charge





Figure 3‑4: PZC measurements for various supports and modified support with TiSi3 molecular precursor. The enlargement of pH 1-3 shown in inserted graft in left hand corner (* Due to the limitation of sample quantity available only pH 2-8 was measured).

The most significant change in the point of zero charge for MCM-41 is from 4.1 to 2.2 when precursor is added in first grafting.  MCM-41 has the highest surface area and thus more precursor has been added than in the other supports and this might explain the sudden decrease to a more acidic point of zero charge.

3.2.3	Nitrogen adsorption desorption isotherms









Figure 3‑5: Isotherm data of absorption of N2 at 77 K on Silica 922 and Ti-Silica 922.





Figure 3‑6: BJH pore volume distribution curves from a) adsorption branches and b) desorption branches.

The adsorption shows no explicit pore diameter varying between 0-100 Å while the desorption shows pores of 39 Å (Figure 3‑6).  The fundamental concept of the ink bottle curve profile lies in the capillary condensation during adsorption is influenced by the radius of the curvature of the wide body pores.  Whereas during desorption, the capillary condensate in the pores is blocked by residual liquid in the narrow necks which causes pore blocking.  The capillary evaporation of the trapped liquid, in our sample, is seen in the desorption profile at 0.5-0.4 P/Po (Figure 3‑5).  As the relative pressure at which a pore empties is considered dependent on the size of the necks, the connectivity of the network, and the state of neighbouring pores, the complete understanding of the hysteresis phenomenon within such porous materials is complicated.

3.2.3.2	NanoDur, Aerosil 200 and Stöber spherical silica





Figure 3‑7: a) Shows a type III isotherm obtained for Sample 6.









Figure 3‑8: a) Show isotherm data of absorption of N2 at 77 K on MCM-41. b) Shows isotherm data of adsorption of N2 at 77 K of TiSi3 on MCM-41, Sample 35.






Figure 3‑9: BJH pore volume curves from a) adsorption branches and b) desorption branches.














Figure 3‑11: a) Isotherm data of absorption of N2 at 77 K on mod MCM-41, Sample 41. b) Isotherm data of absorption of N2 at 77 K of TiSi3 on mod MCM-41, Sample 43.


















Figure 3‑13: a) Isotherm data of adsorption of N2 at 77 K on sMCM-41. b) Isotherm data of absorption of N2 at 77 K of TiSi3 on Ti- sMCM-41, Sample 88.

The isotherm curve for sMCM-41 is reversible and exhibits an almost non-existent hysteresis between adsorption and desorption; and a pore size of 28 Å which correlates to the pore size observed in the MCM-41 purchased from Aldrich.  This sample shows none of the characteristics observed due to the amorphous silica present in the MCM-41 purchased from Aldrich.  This thus indicates that the hysteresis seen in MCM-41 (section 3.2.3.3) and mod MCM-41 (section 3.2.3.4) is due to the amorphous silica and not the ordered mesoporous silica of MCM-41.  The maximum pore size distribution curve indicates uniform mesopores of approximately 25 Å.
3.2.4	Impregnation and calcinations of cobalt nitrate on modified support.

The support modification, via impregnation and calcination of the molecular precursor, are followed by cobalt salt impregnation and a drying procedure and then the cobalt nitrate is decomposed to Co3O4 by calcination.  The labelling system employed to characterise the Co3O4 samples synthesised from the molecular precursor, TiSi3, on the various supports is summarised in Table 3‑2.

Table 3‑2: Systematic labelling employed in the synthesis of Co3O4 samples














PZC and BET analysis was used to investigate the properties of the various supports modified by TiSi3 precursor.  Additionally HRTEM has been used to investigate nanometre scale properties of the TiSi3 to gain information on the nature and distribution of the sites in the samples.  We also investigated what effect the TiSi3 modified support has on the cobalt oxide morphology.  XRD has also been employed to determine the phase and type of cobalt species present.  TEM was also use to evaluate the effect the promoter has on the Co3O4 morphology on the various supports.  The first synthetic step involves the grafting of the precursor onto the support followed by calcination at 300 °C.  To investigate if titania islands/sites or clusters are present HRTEM was performed on all the calcined grafted samples (Samples 3, 7, 13, 32, 35, 43, 48, 88), see Figure 3‑3 for details.  To evaluate the effect of support on Co3O4, samples were prepared, in the same manner as described in section 3.2.4, containing only support and Co3O4 and were labelled as TEST.  To evaluate the morphology, crystallinity, or lack of it on the support, TEM was employed and used to give references to compare modified support and Co3O4 morphologies.  We investigate the effect of the precursor on support by employing A: crystalline, B: amorphous and C: ordered mesoporous supports.  We will investigate the crystalline support first and then the amorphous and lastly the ordered mesoporous support in the section that follows below.









Figure 3‑14: a) TEM images of aluminium oxide based support, NanoDur. b) TEM image of the spherical particles with diameter of 12 to 84 nm. c) TEM images of sample displaying its crystalline nature.
3.2.5.2	Sample 7





Figure 3‑15: a) TEM images displaying nanoparticles on NanoDur in Sample 7.  b) The particles are on the carbon film too.





Figure 3‑16: EDX of Sample 7 displaying low levels of titanium.

As the nanoparticles are not crystalline another technique, HAADF-STEM was utilised to determine the source of the nanoparticles in the sample.  The HAADF-STEM of the sample indicating the presence of small nanoparticles in NanoDur (Figure 3‑17).  These could be TiO2 or fragments of the NanoDur and the nature of these could not be determined using this technique.
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Figure 3‑17: a) HAADF-STEM dark field image small nanoparticles of Sample 7, which might potentially be TiO2. b) HAADF-STEM bright field image displaying the same small nanoparticles, which might potentially be TiO2.

TEM and HAADF-STEM both showed the presence of the very small nanoparticles, which the elemental composition could not identify.  So in order to eliminate that these fragments are present due to support break-up, the NanoDur support itself was imaged again with employment of the HAADF-STEM technique but this time emphasis was placed on the imaging of the small nanoparticles and not on the entire sample.  The HAADF-STEM images show the presence of the small particle in the NanoDur support too and thus indicates that the small nanoparticles are due to the break-up of the support and not due to titania deposition on the support Figure 3‑18a.  Thus the small nanoparticles observed in Figure 3‑15a on the NanoDur and on the carbon film in Figure 3‑15 are due to the break-up of the NanoDur support.  Seeing as we have established that these nanoparticles are due to support break-up, we repeated TEM with emphasis being placed on imaging of these small nanoparticles in the sample.  The HRTEM image displays small nanoparticles, indicated by red circle in Figure 3‑18b with diameter less than 5 nm.  Thus proving that the nanoparticles are due to support break-up of the NanoDur support which makes this support not ideal for determining the presence or absence of titania clusters/particles or atoms.  Furthermore, the NanoDur is also crystalline which makes identifying of any lattice fringes, which might be due to the molecular precursor difficult.  It is worth mentioning that we did not expect to see isolated Ti sites on the support with the limited resolutions of the microscopes.  Therefore, the lack of the observations of any titinia areas in the images, and the low level of titanium in EDX, suggest that the ative sites is still present as isolated sites and has not aggregated to larger particles.  These isolated sites are what we were aiming for with the TMP approach.
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Figure 3‑19: a) HRTEM images of Sample 8B indicating cobalt deposits on to the rounded NanoDur particles. b) HRTEM image of an areas of cobalt deposits.
Figure 3‑20
Figure 3‑20 displays these irregular Co3O4 particles to contain 1D lattice fringes with d-spacings of 2.8 Å and 4 Å, indexing to the (220) and (200) planes of cubic Co3O4 in space group Fd-3m [​[98]​].  


Figure 3‑20: a) HRTEM image of Sample 8 where lattice fringes in area B indicate a d spacing of 2.8 Å indexed to the (220) plane of Co3O4.  While the particle in area A also exhibits a 1D pattern with d=4.0 Å, correlating to the (200) plane of Co3O4.

Given that the Co3O4 morphology is irregular and intermittently distributed over the sample, the support is not ideal for analysis of Co3O4 distribution.  The distribution of Co3O4 might indicate very little control over Co3O4 growth making this support not ideal to study.

During the work up the presence of cobalt oxide is proven using the d-spacing (Figure 3‑20) in the HRTEM analysis which was done using the Bragg equation shown below.
Using the Bragg Equation:  =  (where: a = 8.08, d = 2.8 Å)
 = 
= h2+ k2+ l2
8.4 = h2+ k2+ l2
A possible (hkl) is (220) corresponding to the of d spacing of 2.8 Å
When d= 4.0 Å a possible Miller index is (200) of cubic Co3O4

To study the effect that the support has on morphology of cobalt oxide the aluminium oxide support with low surface area (34 m2/g), NanoDur, was replaced by an amorphous silica support also with a high surface area, Aerosil 200 (207 m2/g).  These amorphous supports will allow for the identification of lattice fringes of the molecular precursor and Co3O4.

















Figure 3‑22: a) TEM image of Sample 13 with titanium impregnated revealing support structure. b) The HRTEM image displaying still that no crystalline materials is observed indicating an amorphous sample with dimensions of 17 nm x 18 nm.





Figure 3‑23: The EDX of Sample 13.









Figure 3‑24: a) TEM image of Sample 14B with patch distribution of deposits of Co3O4. b) One dimensional lattice fringes with d spacing of 2.8 Å correlating to the (220) plane of cubic Co3O4.

Due to the patchy distribution of the Co3O4 and the difficulty of identifying the active phase of molecular precursor, this support is again not ideal for determining the phase of molecular precursor and the effect of precursor on the Co3O4 morphology.

3.2.5.7	Stöber spherical silica support













Figure 3‑26: a) TEM image of Sample 32 showing surface deposit of area A has d-spacings of 3.2 Å and 2.5 Å and the corresponding inter-plane angle of 90.  The inset image from the IFFT showing defects in the structure. b) HRTEM images of nanoparticles on carbon grid.





The modified support, Sample 32, was impregnated with cobalt nitrate to produce Sample  33.  Whereupon calcination followed to yield Sample 33B with cobalt oxide of irregular shape coordinated on the outer surface of the Stöber spherical particles (Figure 3‑27).  This morphology closely resembles the patchy deposition of the Co3O4 on the NanoDur support, Sample 8B.  Figure 3‑27b yielded a d-spacing of 2.8 Å which could be indexed to the (220) planes of cubic Co3O4 in Fd-3m space group. 


Figure 3‑27: a) TEM image of Sample 33B. b) HRTEM image showing 1D lattice with d-spacing 2.8 Å indexed to the (220) plane of the cubic Co3O4.

Again, the patchy deposition of the Co3O4 makes this support not ideal for determining the effect the molecular precursor has on the Co3O4 morphology.
3.2.5.10	Silica 922 support

Subsequently an amorphous silicon dioxide with a high surface area was employed in the synthesis procedure, Silica 922.  The TEM images of Silica 922, which is amorphous and has a surface area of 355 m2/g are shown in Figure 3‑28.  These images confirm the absence of crystallinity indicating a very amorphous material with irregular shape or particle size. 
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The deposition and calcination of cobalt nitrate was carried out as described in section 3.1.2 to yield Sample 4B.  First the presence of a unique Co3O4 shape within the Silica 922 was observed and is shown in the TEM image in Figure 3‑30a while Figure 3‑30b is a high magnification image of an area of similar morphology of the cobalt rods in Figure 3‑30a in the red circle marked area.  While Figure 3‑30c shows the individual nanorods.


Figure 3‑30: a) TEM image of Sample 4B of the nanorods . b) Higher magnification TEM image of an area that exhibits the morphology highlighted by the red circle in a) gives a clearer view of the rod-like structure. c) Higher magnification TEM image of higher resolution displaying intricate network of nanorods.





Figure 3‑31: a) TEM image of the nanorod structure of Sample 4B. b) HRTEM image of conjoined nanorods.





Figure 3‑32: EDX of cobalt oxide nanorod from Sample 4B, revealing high concentrations of cobalt in the species.





Figure 3‑33: a) TEM image of Sample 4B, IFFT image of area D (insert) showing the crystal fringes (A) has and crystal domain (B) with d-spacings of 2.4 Å and 3.9 Å indicating crystal planes of A=(311) and B=(020) of cubic Co3O4 with same d-spacing for area D. b) TEM image of a rod, showing a 1D fringes of 2.4 Å correlating to crystal plane (311) of cubic Co3O4.










Figure 3‑35: XRD pattern of standard cubic Co3O4 (JCPDS 781971).





In order to investigate what influences the growth of these nanorods, a sample was prepared in the absence of the TiSi3 molecular precursor on the Silica 922 support, rendering just Co3O4 on silica and is named TEST baseline.  The TEM images of the material produced displaying two Co3O4 morphologies (Figure 3‑36b).  One resembles something of an entwined rod-like Co3O4 shape (Figure 3‑36a) while the other seems to be Co3O4 nanoparticles (Figure 3‑36c). 


Figure 3‑36: TEM images displaying different morphologies of a) nanorods & c) nanoparticles in the TEST baseline sample (b).
A higher magnification of the cobalt oxide on the unmodified support in Figure 3‑36b revealed one area with closely spaced nanoparticles (Figure 3‑37a) while the other area shows an entwined network of nanorods (Figure 3‑37b).
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Figure 3‑37: TEM images of cobalt oxide on unmodified support, Silica 922 a) displaying the nanoparticles while b) displaying the entwined network of nanorods. Both compositions are confirmed with EDX. 

The lattice fringes from the nanoparticles (Figure 3‑38b) shows d-spacing of 4.5 Å correlating to the (111) plane of cubic Co3O4.  The diffraction pattern obtained from the nanorods (Figure 3‑37b) shows the presence of a single crystal.  The d-spacings of 2.8 Å and 4.5 Å correspond to the cubic Co3O4 planes of () and (111) in space group Fd-3m (227) [98] with an inter-plane angle of 89° between planes and viewed along the [2] zone axis for Figure 3‑38a.  The nanorod structure seems to be closely related to that of Sample 4B but the presence of additional morphology of nanoparticles seems to indicate a difference between modified (Sample 4B) and unmodified sample (this sample).  This indicates that in the absence of precursor, we observed a heterogeneous morphology of nanorods and nanoparticles.  The TiSi3 was grafted on Silica 922 support and we only observe a homogenous morphology of Co3O4 nanorods.  Due to the coiled nature of the nanorods, rendering an entwined network of nanorods, similarities and/or difference between nanorods in the two samples could not be determined.  


Figure 3‑38: a) TEM image of the crystalline entwined network of nanorods with lattice fringes displaying d-spacings of 2.8 Å and 4.5 Å indexed to () and (111) planes viewed along the [] direction with the inter-plane between planes of 89°. b) Showing the nanoparticles are crystalline and lattice fringes with a d-spacing of 4.5 Å correlating to the (111) plane of cubic Co3O4.





Figure 3‑39: a) TEM image of the crystalline nanorods and b) the corresponding HRTEM image of a nanorod with lattice fringes revealing d-spacings of 2.8 Å and 4.5 Å indexed to (220) and (111) planes with angle of 28° viewed along the [] direction.
We can only conclude that a heterogeneous morphology, consisting of nanoparticles and nanorods, is observed for TEST baseline sample while a homogeneous morphology of nanorods is observed for Sample 4B.

C: Ordered mesoporous support









This sample was prepared by adding cobalt nitrate to modified SBA-15 support, Sample 48, to yield Sample 49 and was calcined to produce supported Co3O4, Sample 49B.  The TEM image shows what appear to be Co3O4 growing out of the mesopores (Figure 3‑40a). In addition some Co3O4 is observed on the external surface of the mesoporous structures in Figure 3‑40c (indicated by red circle) and also concentrated areas of deposits of Co3O4 in the mesopore channels of SBA-15 (Figure 3‑40b).  
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Figure 3‑40: a) TEM image of Sample 49B where the Co3O4 is growing out of the pores. b) TEM images of the Co3O4 agglomeration in the mesopores of SBA-15. c) TEM images showing an area of Co3O4 coverage on the outer surface of SBA-15 (indicated by red circle).

The presence of Co3O4 inside the mesopores needed to be investigated, so dark field TEM was utilised. The images of Sample 49B obtained from dark field TEM display areas with Co3O4 inside the pores and are shown in Figure 3‑41.  The dark field TEM images reveal the presence of Co3O4 within the mesopores of SBA-15 (indicated by circle in Figure 3‑41b) with cavities in between the Co3O4 within the mesopores.  This is due to Co3O4 being smaller in volume than the cobalt nitrate so the production of the oxide results in a reduction in the volume which will cause the cavities.  Another possibility for these cavities is the micropore channels, which allows for diffusion between two adjacent mesoporous channels and thus allows cobalt nitrate to ‘transfer’ between two adjacent mesopores. 

The lattice fringes from Figure 3‑42 with d-spacing of 4.5 Å and 3.9 Å confirms the presence of cubic Co3O4 space group Fd-3m (227) [98] with the appearance of the (111) and (200) plane with inter-plane angle of 49°, varying slightly from calculated angle of 54°, viewed along the [] direction (Figure 3‑42b).  Figure 3‑42a viewed along the hexagonal channels of SBA-15 shows growth of Co3O4 inside the mesopores while Figure 3‑42c displays area of growth on the external surface of the mesopores when viewed horizontally along the channels (indicated by red circle).
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Figure 3‑42: a) TEM image of Sample 49B, viewed vertically down the hexagonal arrays of channels of SBA-15, of the growth on the inside of mesopores. b) TEM image of Sample 49B showing lattice fringes of the crystalline Co3O4 lattice fringes revealing d-spacings of 4.5 Å and 3.9 Å indexed to (200) and (111) planes viewed along the [] direction. c) HRTEM image of an area of growth on the external surface of the mesopores when viewed vertically along the channels of SBA-15.



















Figure 3‑44: TEM images have revealing various areas of deposit of Co3O4 in the pores, Co3O4 on the surface and nanorods of Co3O4, a) the coverage in the MCM-41 pores of Co3O4 (small red circle) and Co3O4 coverage on the outer surface of the MCM-41 (larger red circle), b) the hexagonal arrays of MCM-41, c) nanorods growing from silica, d) the abundance of nanorod, e) image of nanorods, f) evidence of the nanorods growing out of amorphous silica where amorphous silica is indicated by red circle.













Figure 3‑46: a ) TEM image of Sample 36B revealing that entire sample has nanorods. b) TEM image of some unique prisms seems to be the less prevailing than the nanorods.

Dark field TEM images show the location of Co3O4 on the sample (Figure 3‑47)
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Figure 3‑47: TEM images of Sample 36B in bright field mode (a-c) with the respective dark field mode (d-f) indicating the location of Co3O4 in the sample.








Figure 3‑48: a) TEM image of Sample 44B revealing nanorods. b) HRTEM image of the rod with d spacing of 2.5 Å and 2.2 Å correlating to cubic Co3O4. c) The closer inspection area viewed along the [03] zone axis with d-spacings of 2.5 Å and 2.2 Å correlating to (311) and (040) planes of cubic Co3O4 with and inter-plane angle of 72°.

The worm-like structures (Figure 3‑48b) show defects at the edge of the rod with d-spacings of 5.2 Å and 2.1 Å which do not correlate to any of Co3O4 d- spacings.  The crystallinity at the beginning of the worm-like structure seems to be without any defects and yielded 2D spacing of 2.2 Å and 2.5 Å which could be correlating to the cubic Co3O4 phase of the (040) and (311) plane with inter-plane angle of 72°, which is in agreement with calculated angle of 72°, viewed along the [] direction.  However, closer inspection revealed filling of individual pores which is shown in Figure 3‑49a (indicated by the red circle).
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Figure 3‑49: a) Pore filling of Sample 44B is observed for the first time here but still the presence of Co3O4 on the surface (b).





















Figure 3‑51: a) TEM image of Sample 89B. b) TEM image showing 10 nm diameter prisms on the surface of sMCM-41. c) TEM image showing an area of closely packed prisms.
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Figure 3‑52: a) Bright field image of Sample 89B. b) Dark field TEM image of Sample 89B showing that the prisms contain Co3O4.




















In summary, this chapter has analysed the supports, the molecular precursor on the supports and the morphology of Co3O4 on these supports in detail by the employment of nitrogen adsorption desorption isotherms, XRD, PZC and TEM.

PZC results suggests that surface modification of the supports with TiSi3 renders the surface more acidic and thus the addition of TiSi3 molecular precursor to the supports will increase the acidic nature of the surface.  The acidity of the supports increases from alumina to silica.  The most significant change in PZC is observed for MCM-41 from pH of 4.1 to 2.2 when the precursor is added in the first grafting and the change from MCM-41 support to a more acidic Ti-MCM41 support.  MCM-41 has the highest surface area and thus more molecular precursor has been added than in the other supports and this may explain the decrease in the PZC value.  The addition of the molecular precursor increases the acidic nature of the surface.  Nitrogen adsorption desorption isotherms displayed inkbottle pores for Silica 922, SBA-15 and MCM-41 and the various modification of these supports.  sMCM-41 shows open neck bottle pores while Silica 922 revealed just ink bottle pores SBA-15 displayed isotherm and hysteresis similar to that published in the open literature.  MCM-41 also displayed two hystereses results with one being attributed to the presence of the amorphous silica in the sample.  The same was observed for mod MCM-41, because it was modified using the supplier’s MCM-41, which contained the amorphous silica.  The MCM-41 yielded a bimodal pore distribution of 28 Å and 38 Å while sMCM-41 (no amorphous silica) yielded a pore volume of 25 Å indicating that the pore size of 38 Å is due to the amorphous silica present in supplier’s MCM-41.

Transmission electron microscopy and HAADF-STEM have shown the presence of support break–up of the NanoDur support, which makes it unsuitable for our analysis.  Analysis of the phase that the molecular precursor has on the NanoDur, Aerosil 200 and Stöber spherical silica, was unsuccessful with TEM.  The employment of HAADF-STEM to identify the arrangement of the molecular precursor was also unsuccessful for Aerosil 200 and NanoDur supported TiSi3.  An area in the Silica 922 support showed that the nature of the TiSi3 precursor particle is orthorhombic TiO2 but the majority of the samples seem to be isolated sites.  It is worth mentioning that we did not expect to see isolated Ti sites (i.e. single titanium atoms on the support).  Therefore, the lack of observation of the titanium species seems to suggest that we still have isolated sites and they are not aggregated to larger particles.  This is the aim of the TMP approach.  Transmission electron microscopy has show the presence of some unique morphologies of Co3O4 on the various supports.  It has also been proven that support type has an effect on the Co3O4 morphology.  The most interesting seems to be the nanorod-like shape of Co3O4 observed on Silica 922.

The presence of various morphologies of Co3O4 with MCM-41 and SBA-15 renders analysis difficult even though the morphologies are of interest.  SBA-15 revealed an array of morphologies throughout the sample with coordination in the mesopores and on the outer surface of mesopores.  The coordination of Co3O4 on the outer surface of MCM-41 made determining if the filling of inner pores occurred difficult, because most of the Co3O4 ended on the amorphous silica.  The mod MCM-41 was produced to eliminate coordination to the outer surface but as there was still amorphous silica present from MCM-41 most of the Co3O4 was coordinated on amorphous silica instead of on the MCM-41.  Therefore, the presence of amorphous silica in the mesoporous MCM-41, bought from the supplier, created problems with the Co3O4 deposit.  Therefore, sMCM-41 support was produced which contained no amorphous silica.  This support revealed coordination inside the pores and prism shapes of Co3O4 on the outside of the pores and some areas where the outer surface was covered in Co3O4.

Also worth mentioning is the molecular precursor on Silica 922 influences the growth of Co3O4, which displayed nanorods.  Although TEST baseline sample, which contained Co3O4 on Silica 922, without the molecular precursor, revealed nanorods, additional morphology of nanoparticles was also observed.  This indicates that in the absence of precursor, we observed a heterogeneous morphology of nanorods and nanoparticles but with the TiSi3 grafted on Silica 922 support, we observe the homogenous morphology of Co3O4 nanorods only.




















Much of Tilley’s earlier work focused on examination of the TMP method with emphasis on the fundamental question regarding the viability of this approach to mixed-element oxides and the analysis of the properties of the materials.  Key assessment was mdae between the same materials produced via the traditional aqueous technique and the sol gel procedures and they are compared to the TMP method.  The comparisons centred on metal-oxide-silica materials, for which the homogeneity is thought to influence the properties drastically.  They also revealed that these materials exhibit an increase in the acidity and contain higher Bronsted acid site concentrations due to the increase in concentration of the MOSi linkages.  Another goal was to resolve how the structural and chemical properties of the molecular precursors influence the properties regarding porosity, catalytic efficiency, and surface acidity of the final material.

Since the development of the silica supported Ti(IV) catalyst by Shell in the 1970’s, for epoxidation of propylene to propylene oxide, titanium silica materials have attracted a considerable amount of attention [​[106]​, ​[107]​].  This provoked interest in the study of many titanium-substituted silica materials for olefin epoxidation.  The silicas included mesoporous silica (SBA-15 and MCM-41) molecular sieves and zeolites (TS-1, TS-2, and Ti-β) with active sites in these catalysts believed to be the isolated, tetrahedrally coordinated titanium centres.  Tilley’s first investigation into these isolated, tetrahedral titanium sites involved Ti[OSi(OtBu)3]4, as a source of Ti[OSiO3]4 core, to produce the TiO2.4SiO2 aerogels, which were used for cyclohexane oxidation, but by replacing the aerogel with Aerosil support a highly active catalyst for the oxidation of cyclohexane [​[108]​, ​[109]​] was produced.  This catalyst is more active than Shell’s catalyst derived from silica and Ti(OiPr)4, thus proving that the OSi(OtBu)3 ligand system appears to have a beneficial effect on the structure of the support titanium active sites.  This is likely due to the presence of OSi(OtBu)3, which leads to pseudotetrahedral metal centres.  Further investigations, by Tilley, focused on the Ti(IV) system that included different types of precursor and higher surface area supports.  Precursors with different Ti/Si ratios were used to determine the influence of siloxy ligand on grafting chemistry and the catalyst performance of the resulting material [30].  These studies involved Ti[OSi(OtBu)3]4 [​[110]​, 40], OiPrTi[OSi(OtBu)3]3 [​[111]​] and (OtBu)3TiOSi(OtBu)3 [63] with three high surface area supports, one of them being Aerosil, and the other two mesoporous silica supports (MCM-41 and SBA-15).  Ti(OiPr)4 was used as the titanium source.  The grafting of these titanium siloxides onto the inner walls of mesoporous silica provides catalysts with a large concentration of accessible, isolated, and structurally well-defined active sites for the transformation of cyclohexane

Thus, Tilley and co-workers employed the molecular precursor approach to produce sites, which generate these isolated molecular precursor supported catalysts which create epoxidation catalysts of high activity and selectivity.  The procedure to obtain isolated titanium sites on silica involved the grafting of one of the titanium molecular precursors, Ti[OSi(OtBu)3]4 (TiSi4), to silica.  This ligand has the most OSi(OtBu)3 ligand groups and involves the reaction of the precursor with the hydroxyl groups of the surface producing a mononuclear active centre, which is isolated containing a particular structure and composition, and is illustrated in Figure 4‑1.  In principle, the reaction of a surface-bound -OH group with the precursor should result in elimination of silanol and/or alcohol, depending on the precursor employed [53, 54, 55].
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Figure 4‑1: General route employed for production of isolated surface bound species of particular structure and composition producing TiSi4.

The observed catalytic properties of these materials presumably reflect the high concentration of the isolated titanium sites that result from the preparative route involving a molecular precursor, with a preformed tetrahedral M(OSi)4 core, and the non aqueous synthetic conditions.  An example is the grafting of iPrOTi[OSi(OtBu)3]3 (TiSi3) onto silica, to produce TiSi3 [30], which is less selective, yielding both HOtBu and HOSi(OtBu)3 , indicating the presence of the two different types (but closely related) of surface bound Ti species on SBA-15, MCM-41 and amorphous SiO2.  This precursor appears to bind to the surface by the reaction of the siloxide ligand yielding [(≡OSi)Si(OtBu)2Ti{OSi(OtBu)3}2OiPr] (minor product), through the loss of the HOtBu.  The binding through the metal gives rise to [(≡OSi)TiOiPr{OSi(OtBu)3}2] (major product), with the loss of the HOSi(OtBu)3 group [48] (Figure 4‑2).  Tilley and co-worker performed IR, TGA and molecular calculations on TiSi4, TiSi3 and TiSi [30].  In the literature [​[112]​, ​[113]​, ​[114]​] the infrared spectroscopy of titania-silica materials has been extensively used to identify Ti-O-Si heterolinkages, which give rise to an absorption band at 920-960 cm-1.  The IR spectrum of Tilley’s molecular precursors; TiSi4, TiSi3 and TiSi revealed strong and sharp absorption bands at 925, 935, and 945 cm-1 respectively which show the presence of Ti-O-Si groups and thus confirm Tilley’s description of the reaction of the precursor with the surface.

Figure 4‑2: Grafting of iOPrTi[OSi(OtBu)3]3 ,(TiSi3), molecular precursor on silica.

The onset temperature for decomposition appears to be related to the number of siloxide ligands; TiSi4 (250 °C), TiSi3 (180 °C) and TiSi (190 °C).  The question concerning the nature of the titanium sites still needs answering and was evaluated by employing Diffuse Reflectance Ultraviolet-Visible Spectroscopic (DRUV-Vis) to probe the local environment of titanium centres.  This indicates that the titanium exists mainly in an isolated, tetrahedral environment.  It is well-known that bands with a maximum at about 200-220 nm and an absorption onset at about 290 nm arise from the ligand to metal charge transfer (LMCT) of the oxygen coordinated to the tetrahedral titanium(IV) [​[115]​], [​[116]​], [​[117]​].  


Figure 4‑3: DRUV-Vis Spectra of uncalcined samples a) TiSi3 supported on SBA-15 with various Ti-loadings.  b) TiSi3 (1.34 wt %Ti), TiSi (1.37 wt %Ti) and Ti(OiPr)4 (1.48 wt % Ti) on SBA-15.  Taken from Tilley’s work [30].




Figure 4‑4: DRUV-Vis Spectra of calcined samples a) TiSi3 supported on SBA-15 with various Ti-loadings b) TiSi3 (1.34 wt %Ti), TiSi (1.37 wt %Ti) and Ti(OiPr)4 (1.48 wt % Ti) on SBA-15.  Taken from Tilley’s work in [30]





Tilley has provided an excellent basis concerning the nature of the various titanium molecular precursors with all of the analysis (DRUV-Vis, TOFs) and molecular calculations (for surface coverage).  Despite this, isolated sites are traditionally not utilised in heterogeneous catalysts.  Typically, larger arrays of agglomerated particles provide a much better basis for heterogeneous catalysis but valuable information about surface morphology and metal interaction can be obtained that provides useful information in understanding surface chemistry of the catalyst system.  Tilley and co-worker studies on the titanium molecular precursors has served as a basis for our study [30] and we have continued investigating the nature of the active centre and the behaviour by employing DRIFTS, TEM, and HAADF-STEM.





DRIFTS indicated that a monolayer surface coverage was not achieved in a first grafting of the molecular precursor and that there were still OH-groups available in Sample 3, therefore a 2nd grafting or maybe 3rd grafting could be carried out.





Figure 4‑5: DRIFTS spectra for Silica 922 (green), TiSi3 on Silica 922 (Sample 2) (blue) and calcined TiSi3 on Silica 922 (Sample 3) (red). The relevant peaks in this study from the DRIFTS analysis is the peak at 2980 cm-1, assigned as a C-H stretch, [​[118]​] and the sharp peak at 3700 cm-1 (silica 922) assigned as isolated Si-OH groups [​[119]​].

The broad peak at 3500-3650 cm-1 is due to hydrogen bonded OH groups on the surface of the support and of the surface water.  It should also be noted that the intensities of the peaks could not be directly compared to each other.  One of the drawbacks of DRIFTS is that it is not possible to control the path length, such that changes in intensity cannot be easily translated to changes in concentration [​[120]​].  In order toover come this problem, the sample can be referred to an internal reference (Silica 922) and results can be compared.  The silica 922 shows a sharp absorption at 3820 cm-1. On the addition of the precursor (blue), the peak diminishes as νC-H appears at 2980 cm-1, suggesting that the titanium precursor binds to the surface OH groups.  The DRIFT spectrum of calcined sample, Sample 3, (red) reveals that there are still free hydroxyl groups available.  This relatively large amount of surface hydroxyl functionalities is still present on the support surface (red–Figure 4‑5) suggesting that the metal content in isolated metal sites on the surface of the support can be increased by subsequent grafting of the molecular precursor.

Experiments were planned to evaluate what the effect the variation in the concentration of molecular precursor, TiSi3, has on the nature of the metal active sites and on the Co3O4 morphology.  The first samples prepared were used to evaluate the effect the quantity of molecular precursor, in the 1st grafting, has on the nature of the metal active sites and the Co3O4 shape.  This was done by impregnating TiSi3 yielding Samples 2 (1.1 wt%), 29 (1.1 wt%), 78 (3.3 wt%), 80 (18.6 wt%) and calcining to eliminate the organic group (Samples 3, 29A, 78A, 81) on Silica 922, in a 1st grafting, to produce samples with various loading of the TiSi3 molecular precursor (Figure 4‑6).  The nature of the active sites was investigated for each of the calcined samples.  The calcined samples were then impregnated with Co(NO3)2·6H2O and calcined to produce Co3O4 on the modified support (Samples 4B, 29B, 79B, 82B).  The effect of the addition of second amount of molecular precursor was investigated by impregnating Sample 3 again with molecular precursor (1.1 wt%) to produce Sample 22 (containing a total of 2.2 wt% of TiSi3) which was then calcined (Sample 23) to produce a second grafted sample, where the nature of active sites was investigated.  The calcined Sample 23 was then impregnated with Co(NO3)2·6H2O and calcined to produce Co3O4 on this modified support, Sample 24B.  To evaluate the effect of the addition of a third grafting has on the nature of the active sites and Co3O4 morphology, Sample 23 was again impregnated with a variety of different amounts of iPrOTi[OSi(OtBu)3]3 (Figure 4‑6).  The process in which the multiple grafted materials were prepared was identical to the procedure for the first grafting process as explained in Chapter 3 for Sample 2.  The samples produced in 3rd grafting were samples 25A* (5.1 wt%), 25B (1.1 wt%), 58 (6.1 wt%), 61 (3.3 wt%) and were then calcined to produce samples (with total wt% of precursor) 26A* (7.3 wt%), 26B# (3.3wt%), 59 (5.3wt%), 62 (8.8 wt%).  The nature of active sites was investigated by TEM and HAADF-STEM.  The samples where then impregnated with cobalt nitrate and calcined to produce Co3O4 on these modified supports 27 B#B, 27A*B, 60B, 63B.  Elemental analysis results were used to confirm the complete calcination of the materials before any further grafting was carried out on the material. To gain a more accurate measure of the metal content in the sample, inductively coupled plasma emission spectroscopy (ICP) was carried out on these materials(Table 4‑1).  

Table 4‑1: Elemental Analysis (wt%)for calcined and uncalcined 1st, 2nd and 3rd grafted metal complexes. 





1st grafted (3.3% ) β	78	0.066	0.074	0.35	0.066	0.35	78A	0.19	0.35
1st grafted (18.6%) β 	80	0.372	0.415	1.98	0.372	1.98	81	0.68	1.98
2nd grafted (1.1%) β	22	0.022	0.025	0.12	0.044	0.23	23	0.10	0.22
3rd grafted (1.1%) β	25B#	0.022	0.025	0.11	0.067	0.29	26B	0.20	0.33
3rd grafted (3.3%) β	61	0.066	0.074	0.35	0.088	0.57	62	0.24	0.53
3rd grafted (5.1%) β	25A*	0.099	0.111	0.53	0.102	0.71	26A*	0.30	0.71
3rd grafted (6.6%) β	58	0.133	0.148	0.70	0.135	0.88	59	0.33	0.88
$ The weight % Ti calculated on the surface. α The calculated Ti wt% added in grafting step. β Where % is the % of TiSi3 and not Ti%.γ Value calculated according to calculated amount added 

The visual illustration and sample labelling is outlined in Figure 4‑6 for all the samples described above.  The series of impregnated materials, which were prepared (Figure 4‑6) were subjected to Elemental Analysis (wt%) on all pre- and post-calcined single and multiple grafted materials.


Figure 4‑6: Illustration depicting the utilisation of the hydroxyl groups with single (2, 80, 78), double (23) sand triple (25A*, 25B, 61, 58) grafting of titanium sample TiSi3 on Silica 922, each followed by the calcination of the material to produce active sites.

The incorporation of the metal onto the support seems to reach saturation at certain quantities of TiSi3 as seen by ICP analysis.  When comparing the first impregnated samples, Sample 78, it seems to have reached a saturation point because the amount of metal added was 0.35 wt% and ICP only indicated a loading of 0.19 wt% on the sample.  This indicates that only ½ of the amount of the metal added has been incorporated onto the support.  While the addition of 1.98 wt% of the metal in Sample 81 revealed a loading of only 0.68 wt% on support, thus only 1/3 of the amount was incorporated into the support.  This suggests that even though TiSi3 is available a limited amount of the titanium can be incorporated onto the support and is removed in the filtration step.  Sample 29A revealed only 0.06 wt% of metal being incorporated onto support even though 0.11 wt% was added.  This impregnation process did not contain any filtering step but an evaporation process.  One possible explanation is that the TiSi3 crystallised out on the sides of the flask and not on the support.  While in the third grafting saturation levels seem to have been reached after Sample 25B where 0.3 wt% metal was added and ICP revealed 0.2 wt%, these values are very close.  While Sample 61, which has 0.57 wt% of metal added, only yielded a loading of 0.24 wt% with ICP and thus only ½ of the amount was deposited on the sample.  The amount of metal incorporated onto the support is even less for Sample 25A*, which had 0.76 wt% added and only 0.3 wt% incorporated, and Sample 58, which had 0.92 wt% added and only 0.32 wt% incorporated.  These results show that there is a maximum amount of titanium that can be incorporated onto the support in this process and the support appears to have reach saturation levels at total content of 3.3 wt% TiSi3, Sample 25B.  In further attempts of grafting more TiSi3, the incorporation decreases dramatically and this decrease is even more severe with attempts to incorporate high levels of TiSi3 (18.6 wt%, 5.5 wt% and 8.3 wt%).





The first synthetic step involves the grafting of the precursor onto the support followed by calcination at 300 °C.  To investigate if titania islands/sites or clusters are present HRTEM and HAADF-STEM were performed on all the calcined grafted 1st impregnated samples (Samples 3, 29A, 78A, 81), 2nd impregnated sample (Sample 23) and 3rd impregnated samples (Samples 26*, 26B, 59, 62), see Figure 4‑6 for details.  To evaluate the morphology, crystallinity, or lack of it on the support, TEM was employed and used as reference to compare the modified support morphology and the Co3O4 shape.

First we investigated what effect a modification in the impregnation process has on the  active sites and the Co3O4.  Thereafter the Co3O4 morphologies are investigated for the cobalt treated 1st impregnated samples (Samples 4B, 29B, 78B, 82B), the 2nd impregnated sample (Sample 24B) and the 3rd impregnated samples (Samples 26A*B, 26BB, 60, 63).




A modification of the experimental procedure by replacing the filtration step in the preparation of Sample 2 with an evaporation step while the rest of procedure remained unchanged produced Sample 29, which was calcined to produce Sample 29A.  This modification ensures that the entire amount of titanium molecular precursor (for surface coverage) in the reaction mixture is incorporated on the support.

Thus, this sample should contain the entire amount of molecular precursor that was added to the in solution in the beginning.  ICP results showed that it contains only 0.06 wt% of the metal incorporated into the support while 0.11 wt% was added.  The sample where the same amount is added, Sample 2, with loading of 0.08 wt%.  This might indicate that some of the molecular precursor has crystallised out at the top of the flask.  Thus this technique is less efficient than the adsorption method used in Sample 2 in the incorporation of the molecular precursor onto the support.













Figure 4‑8: a) TEM images of Sample 29B showing the cobalt oxide growth. b) This growth is along the surface rather than perpendicular to the surface.















Figure 4‑10: a) Low-magnification TEM image of Sample 78A displaying a morphology similar to Silica 922 support.  b) HRTEM image indicating the absence of crystallinity.






















Figure 4‑13: a) TEM image of silica-like morphology with EDX displaying the low titanium levels and high silica while the image in b) showing the string-like structure to consist of high levels of titanium and silica.

Although 1.98 wt% of metal was added to the support ICP revealed that only 0.68 wt% was incorporated onto the support which might be too little to promote clustering.  

The sample displays two morphologies.  One of the morphologies has a silica like morphology (Figure 4‑13a) with EDX showing low levels of titanium and high levels of silica while the other (Figure 4‑13b) shows a string-like shape with the EDX showing high titanium and silica levels.





Figure 4‑14: a) Low magnification TEM image of string-like structure in Sample 81. b) TEM images of a part of the string-like structure. c) HRTEM image of string-like particles showing amorphous property and EDX spectrum showing high levels of Ti present.





Figure 4‑15: a) HAADF-STEM image of Sample 81 nanoparticles on Silica 922.

We observed with HAADF-STEM isolated nanoparticles on the support, which we did not observe in TEM, but due to presence of the unique string like TiO2 (Figure 4‑16) we have palced more emphasise on the imaging of the string-like morphology that the support.

 SHAPE  \* MERGEFORMAT  SHAPE  \* MERGEFORMAT 

Figure 4‑16: a) HAADF-STEM image of the TiO2 string like structure. b) EDX of the TiO2 string-like structure.
4.1.3.6	Sample 82B





Figure 4‑17: a) TEM image of Sample 82. b) Enlarged HRTEM image of Sample 82 with nanorod strcuture. c) The d-spacing of 4.5 Å correlating to the (111) planes of cubic Co3O4.











Figure 4‑18: a) HRTEM image of nanoparticles in Sample 23, in the area B, displaying no crystallinity. b) TEM image of the two morphology of titanium modified support, Sample 23, areas A and B. c) TEM images of deposits observed in Sample 23 in area A. d) HRTEM image of aggregates in area A which is totally amorphous.





Figure 4‑19: a) HRTEM image of the string-like shape in Sample 23 revealing lattice fringes with d-spacing of 2.7 Å. b) TEM image of unusual shape within Sample 23. c) HRTEM image of unusual morphology in b. d) HRTEM image of string–like shape indicating d-spacing of 2.8 Å and 2.3 Å viewed along the [] direction.

This morphology is in an isolated area on the TEM sample grid and not on the silica support.  The presence of this string-like shape might be due to the condensation of molecular precursor to form TiO2 structure.  We have observed this shape of TiO2 in Sample 81 (Figure 4‑14), when the surface of support was overloaded 17 times, the levels of TiSi3, the only explanation for this is self-condensation of the molecular precursor forming TiO2  clusters.  EDX of the string like shape in Sample 23 confirmed high levels of titanium for this area.  This might indicate that we have reached saturation point for grafting of molecular precursor onto the support or that we have changed the nature of the support to produce isolated titanium sites by the grafting of the molecular precursor in the 1st grafting, and therefore making it inaccessible for further coordination of molecular precursor.  ICP revealed that we have 0.1 wt% Ti on Sample 23 indicating that it is possible to graft further quantities of precursor onto the first impregnated molecular prescursor modified support, because the first grafting only yielded an ICP analysis of 0.08 Ti wt%.  This indicates that grafting of the precursor onto a molecular precursor modified support occurs in a different fashion to grafting onto pure Silica 922.  













Figure 4‑21:  TEM image of Sample 24B of nanorods at low magnification.





Figure 4‑22: a) TEM image revealing the formation of nanoparticles in Sample 24B. b) TEM image of the overall Co3O4 shape in Sample 24B displaying mixture of nanorods and nanoparticles. c) TEM images of the Sample 24B implying the dominant shape of Co3O4 to be nanorods.




Figure 4‑23: a) TEM image of a particle in Sample 24B with lattice fringes with d-spacing 2.0 Å and 2.3 Å correlating to (400) and (22) planes of cubic Co3O4 viewed along [] direction with angle of 58°. b) TEM image of nanoparticles on the edge of sample, Sample 24B, revealing lattice fringes with d spacing 2.3 Å and 2.4 Å correlating to (22) and (311) planes of cubic Co3O4 with an inter-plane angle of 96°along the [] direction.















Figure 4‑25:  TEM image of Sample 26B# displays a morphology which resembles Silica 922.





Figure 4‑26: a) HAADF-STEM of the Sample 26B# showing little information on location of precursor. b) The HAADF-STEM image shows some contrast difference but not conclusive evidence on location of TiO2.








Figure 4‑27: a) TEM image of Sample 27B#B revealing the presence of nanoparticles. b) There is some evidence of nanorod structure in these figures however, most of the Co3O4 is observed as particle. c) TEM image of Sample 27B#B of the representative shape of Co3O4 of the overall sample which is nanoparticles crystal lattice fringes correlating to cubic Co3O4 planes of (20) and (111) respectively and has an inter planar angle of 90° viewed along [] direction.

This indicates that the molecular precursor added was adequate to alter the majority of the actives sites, which yielded the mixed morphology of nanoparticles and nanorods in Sample 24B, to homogeneous morphology of nanoparticles in this sample.  




A further modified support was synthesised where 1.1% by weight of TiSi3 was loaded in the 1st and 2nd grafting but upon the 3rd graft a 5.1% by weight of TiSi3 was loaded, saturating the surface (Sample 26A*) with total theoretical TiSi3 loading of 7.2 wt%.  A low magnification TEM image, Figure 4‑28a, displayed no unique morphology but a HRTEM image indicated the presence of very small nanoparticles (± 2.5 nm) on the support (Figure 4‑28b) but due to their size and the lack of contrast difference between support and TiO2 it was difficult too obtain a diffraction pattern.  HAADF-STEM was used to overcome the lack of contrast difference in TEM.  

























Figure 4‑31: a) Low magnification image of Sample 62. b) HRTEM image revealing isolated active sites. 





Figure 4‑32: a) HAADF-STEM of the Sample 62 showing no explicit areas of TiO2 particles. b) The bulk of Sample 62 revealing the presence of TiO2 particles clustered together.

The HAADF-STEM thus indicated that a 5.5 wt% loading of precursor, in a single impregnation, is not sufficient to produce the TiO2 particles on the silica as seen in Sample 27A* and we still have active sites on our support.





Sample 62 was impregnated with cobalt hexahydrate and calcined to produce Sample 63B.  TEM imaging showed a mixed morphology of nanoparticles, broken nanorods and an intricate network of nanorods (Figure 4‑33)  These morphologies are widespread and each Co3O4 shape is present numerous times within the sample with no one being more frequent than the other.  This indicates that we have a mixed Co3O4 morphology due to overloading of our sample with the molecular precursor, which might form a variety of sites within the sample.

 SHAPE  \* MERGEFORMAT 

Figure 4‑33: TEM images of Sample 63B displaying a) nanoparticles, b) broken nanorods and c) intricate network of nanorods throughout the sample.









Figure 4‑34: a) TEM image of Sample 59 with a carbonaceous layer over the sample and was also observed with EDX. b) The presence of the carbonaceous layer makes it difficult  to obtain d-spacings.





Figure 4‑35: a) HAADF-STEM image of the Sample 59 showing explicit areas of TiO2 particles on support. b) The bulk of Sample 59 revealing the presence of TiO2 particles clustered together.





Sample 59 was impregnated with cobalt nitrate hexahydrate and calcined to produce Sample 60B.  TEM imaging revealed mixed morphologies, which include grainy, broken nanorods and nanorods (Figure 4‑36).  These morphologies are widespread and observed numerous times within the entire sample with neither being more frequent than the other.  This indicates that we have a mixed Co3O4 morphology due to overloading of our sample with the molecular precursor, which might form a variety of sites within the sample.  We also observed Co3O4, without silica, in the sample for the first time (Figure 4‑36a), which indicates that we have lost the molecular precursor effect when we overload the sample.

 SHAPE  \* MERGEFORMAT 





The observation of TiO2 by HRTEM or HAADF-STEM is dependent upon the amount of the molecular precursor grafted, only Samples 26A*, Sample 59 and Sample 81 displayed TiO2 particles on the support in HAADF-STEM.  The samples contained overloaded amounts of molecular precursor in the 3rd grafting yielding loadings of 0.3 wt% Ti (Sample 26A*) and 0.32 wt% Ti (Sample 59) respectively while Sample 81 was a 1st grafted sample with 0.68 wt% Ti.  The TiO2 particles did not seem to grow in size as a larger amount of molecular precursor was added from Sample 26A* to Sample 59, just the total number of particles increased.  The rest of the samples, which were investigated by HAADF-STEM showed no TiO2 particles on the support but EDX indicated the presence of titanium on thesupport.  This difficulty to observe the titanium in the other samples may be due to the atomic numbers of Si (Z=14) and Ti elements (Z=22) which is very close and do not allow for sufficient z contrast.  In addition, the resolution of the microscopes may not be sufficient to allow observation of site isolated titanium atoms.  Most importantly, we set out to produce site-isolated sites and the fact that we cannot see large agglomerations of titania, suggests that the TMP method may have has been successful.  Thus the reasons provided above for not observing atoms or TiO2 is due to the successful implementation of TMP approach.  Thus the lack of TiO2 particles in HAADF-STEM is positive in terms of this project, which indicates that we were successful with our production of isolated sites.  When it was possible to obtain a TEM image of crystalline material from the calcined titanium molecular precursor on the support in our samples the titania which was present was in the orthorhombic TiO2 phase.  With an increase in molecular precursor amount, with 3rd grafting, TiO2 particles could be observed on the silica support.  While the presence of bulk TiO2 is observed in some samples, consiting of three/four TiO2.particles clustered together, we only observe TiO2 particles on the support when we incorporate excess amounts of the TiSi3 precursor.  While in 1st grafting where we overloaded the support with TiSi3, Sample 81, we observed a string-like shape of TiO2. We cannot conclude if we would observe this string-like shape when we overload the sample in a 3rd grafting with this amount seeing as such a sample was not synthesised.  The results obtained in this chapter suggest that we have seen some evidence of this string-like structure in 2nd and 3rd grafting in TEM and thus this morphology is not controlled by the type of active site but more by the quantity of precursor present.

The HRTEM images of the calcined Co3O4 deposited on to the modified supports indicated that the Co3O4 is present in the cubic phase in the Fd-3m space group.  All samples where cobalt is impregnated onto the first grafted titanium support, independent of the amount of precursor added, contained nanorods of Co3O4.  The addition of further molecular precursor (a second grafting) showed nanorods and nanoparticles of cobalt oxide while a third grafting (addition of 1.1 wt%) produced nanoparticles (Sample 26 B#B).  Overloading of support on the 3rd grafting with TiSi3 with an addition of 5.1 wt% (Sample 26 A*B) instead of 1.1% by weight of TiSi3 (Sample 26 B#B) rendered the nanorod shape again.  The addition of 3.3% by weight of TiSi3 in 3rd grafting rendered a mixed Co3O4 shape ranging from broken nanorods to nanoparticles and nanorods.  This morphology was similar to what was observed for the sample with the highest precursor loading, Sample 60B, but also includes morphologies of only Co3O4.  The different morphologies observed for different grafting (1st, 2nd, 3rd) suggest that the amount of precursor and the step at which it is added is one of the factors responsible for the morphological changes in the cobalt oxide.

The change in shape of Co3O4 from nanorods to nanoparticles when Sample 79B (3.3 wt% TiSi3 in 1st grafting) and Sample 27BB (3.3 wt% total TiSi3 in 3rd grafting indicates that the molecular precursor sites differ from the 1st grafted sample.  This is likely due to loss of isolated sites to form islands of TiO2 but this cannot be proven due to limitations of HRTEM and HAADF-STEM.  The other key difference between these two samples is that in Sample 27B#B there are calcination steps between each addition of the molecular precursor.  The TiO2 sites are exposed for the second and third additions of the molecular precursor that allows titanium molecular precursor to react with TiO2 which is already formed.  This is not the case when all the 3.3 wt% molecular precursor is added in one single impregnation.
























5	Investigation of the effect that the quantity and calcination temperature of Co(NO3)2·6H2O has on Co3O4 morphology

Heterogeneous catalysts are typically prepared via incipient wetness impregnation using metal salts as the precursor.  This usually involves several important stages: (i) deposition of promoters and metal precursor on the support; (ii) decomposition of the metal precursor to metal oxide by calcination; iii) reduction and (iv) catalyst activation during the reactor start-up.  We will only investigate steps (i) and (ii) as we are interested in Co3O4 shape and not the cobalt (metal) or catalyst activity.

The slurry impregnation method involves a solution of cobalt salt, typically cobalt nitrate, which is placed in contact with a dry porous support.  After being contacted, the solution is absorbed by capillary forces inside the pores of the support.  Incipient wetness occurs when all the pores of the support are filled in a very slow drying procedure.  Incipient wetness impregnation involves a metal precursor being dissolved in water or an organic solution.  The metal containing solution is then added to the support which contains the same pore volume as the volume of solution added.  Through capillary action, the solution is drawn into the pores.  The drying and calcination of the solution removes the volatile components while the maximum loading is limited by the solubility of the precursor in the solution.  The work described in this thesis employs slurry impregnation, by adding excess water above the pore volume filling point, but by the slow drying process, we reach an incipient wetness point to ensure that all the cobalt is loaded within the support pores and not on the external surface of the particles with the standard amounts used in this thesis.  The calcination process follows and consists of the decomposition of the supported cobalt nitrate Co(NO3)2·6H2O into the oxide phase Co3O4.  Calcination is conventionally carried out in a flow of air but recently NO/He has also been reported in the literature [​[123]​, ​[124]​].  The reproducibility of the synthesis of the cobalt samples requires a careful control of all the impregnation parameters: temperature and time of support drying, rate of addition of the impregnating solution, temperature and the time of drying, etc.  The effect of the pH will be discussed in the PZC section, which follows below, but analysis of the available literature suggests that decomposition of the cobalt precursor at milder conditions generally leads to higher cobalt dispersion [​[125]​].

A study by van de Loosdrecht et al. [125] revealed the valuable effect of a slower temperature ramp rate and the higher space velocity during calcination on the number of active sites and the cobalt dispersion.  De Jong et al. [123, 124] used NO/He gas mixture to decompose metal nitrates of cobalt and nickel on supported catalysts.  It was shown that the presence of NO alters the metal nitrate decomposition pathway, which resulted in smaller particles with an increased dispersion.  Borg et al. [​[126]​] observed that the lower calcination temperatures and the efficient removal of the decomposition products (NO, NO2, H2O) enhances cobalt dispersion.  Mochizuki et al. [​[127]​] have shown that the rapid temperature ramp during catalyst calcinations favours the formation of irreducible α−Co2SiO4-like species, when the cobalt silica supported catalysts are prepared by addition of 1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid.  It has also been shown that the concentration of cobalt silicate can be reduced by carrying out decomposition of the organic compounds more slowly.

Decomposition of the cobalt precursor is also affected by the catalyst support, which can influence the decomposition, in several ways.  Firstly, the catalyst support can affect the rate of cobalt oxide nucleation and the growth during the cobalt precursor decomposition [​[128]​].  Secondly, cobalt oxide produced during decomposition of the cobalt precursor can react with the support yielding cobalt/support compounds [​[129]​].

Decomposition of the cobalt precursor can be affected by the presence of promoter elements.  It was found [​[130]​] that the presence of ruthenium nitrosyl nitrate in a cobalt silica supported catalyst, prepared from cobalt acetate, influenced the kinetics of cobalt precursor decomposition.  In addition, the presence of promoters affects the crystallisation of the cobalt oxide species [​[131]​].  Decomposition of the cobalt nitrate in the presence of the noble metals leads to smaller crystallites of the cobalt oxide on the silica supported catalysts in comparison to those obtained in the unpromoted counterparts [​[132]​].

Thus, the rate of decomposition of the cobalt precursors is dependent on the following factors: temperature of decomposition, the gas space velocity during decomposition, the nature of the gas, degree of the cobalt precursor decomposition, support material and the promoter elements.

In Chapter 3 we investigated the effect of the support and discovered a nanorod-like shape of the Co3O4 on the Silica 922.  A vast amount of literature on the Co3O4 nanorods revealed various methods to obtain these structures.  Co3O4 nanowires/nanorods can be obtained by the growth on solid substrates, typically involving the reaction of the gaseous oxygen molecules with the cobalt foil [​[133]​, ​[134]​, ​[135]​].  A solution-based route has also been reported for the direct growth of freestanding hollow Co3O4 nanowire arrays on a range of substrates, such as the see-through conducting glass, titanium foil, silicon wafers, tin or copper foil, and polystyrene substrate [​[136]​, ​[137]​].  Furthermore, thermal decomposition of organocobalt precursors and the cobalt samples produces these rod-like shapes of the Co3O4 nanocrystals [​[138]​, ​[139]​].  The inverse microemulsion method and the molten salt approach are also utilised to synthesise the Co3O4 nanorods.  Hydro- and solvothermal processes have been shown to synthesise Co3O4 nanorods with diverse diameters from 10–250 nm [​[140]​, 136].  More interestingly, a liquid-phase precipitation method is reported to be fundamentally successful for preparing the Co3O4 nanorods.  Zeng and co-workers [​[141]​] synthesised the rod-like cobalt-hydroxide-carbonate precursors by a precipitation method.  In order to improve the morphological stability of the nanorod-shaped precursor, Xie and Shen [​[142]​] have recently synthesised Co3O4 nanorods by the liquid-phase precipitation in ethylene glycol using carbonate anions as a structure-directing agent.

The only literature that exists concerning the observation of Co3O4 nanorods on a silica support was reported by He et al. [​[143]​].  They grew single–crystalline Co3O4 nanorods by depositing a thin film of cobalt on a silicon Si(001) substrate followed by oxidation in a rapid thermal processor (RTP) at ambient pressure.  These nanorods produced on the silicon substrate are several hundred nanometres long and several tens of nanometres in diameter.  Another method described in the literature is nanocasting [​[144]​].  This method involves an ordered porous carbon or silica matrix which acts as the mould restricting, through confinement, the formation and the growth of metal or the metal oxide.  Using SBA-15 as the template, the authors produced Co3O4 nanorods 8 nm in diameter with a length up to 100 nm and was achieved via pore filling of the SBA-15 support material.









Figure 5‑1: Modifications of Co(NO3)2·6H2O amounts (where quantity correlates to 1.87g of cobalt nitrate for 1g of modified Silica 922, baseline amount).

The only surprising results were observed for Sample 20B and Sample 21B, these seem to have reached saturation point for the cobalt nitrate depositing onto the support.  This is indicated by the low Co wt% in the second step of the cobalt addition in Sample 20B.  The first impregnation of Co(NO3)2·6H2O rendered 24.5 %wt Co (Sample 4B) while the addition of another baseline amount (24.5 wt%) of Co(NO3)2·6H2O to the sample rendered a total wt% of only 35.5 wt% indicating that only 11 wt% of the second amount of cobalt nitrate was incorporated onto the support.  The reasons for this might be that we have exceeded the support ability to absorb cobalt nitrate to any further extent, as the Co(NO3)2·6H2O amount exceeds the pore filling amount by eight times.  The second reason for this might be due to crystallisation of the Co(NO3)2·6H2O on the sides of the flask during the drying process, which prevents the Co(NO3)2·6H2O from constant contact with the support in the impregnation process.  The latter explanation might also explain results from Sample 21B where only 22.6 wt% are observed which is less than the baseline case of 24.5 wt% even though 2x baseline amount was added.  It seems that the saturation point is reached for the support and that no more Co(NO3)2·6H2O can be absorbed onto the support and dries to the glassware rather than being absorbed onto the support.

Table 5‑1: Sample labelling and amounts Co(NO3)2·6H2O employed to determine the effect the quantity of Co(NO3)2·6H2O has on Co3O4 morphology.






















The techniques TEM, FFT pattern, EDX and XRD are used to analyse the samples in this chapter.  TEM allows for real time high-resolution imaging combined with the electron diffraction.  While Energy-dispersive X-ray spectrometry (EDX/EDS) method uses X-ray to analyse the elemental composition of the specimen and the FFT is used to obtain d-spacings.  While the XRD spectra displays the phase and the space group of Co3O4 which is present.  The employment of the TEM and the HRTEM techniques was used to evaluate the morphology obtained by varying the Co(NO3)2·6H2O amount and thus are a better understanding of the effect of Co(NO3)2·6H2O amount on Co3O4 morphology.
5.1.1.1	Sample 21B





Figure 5‑2: a) TEM images of Sample 21B with nanorods with the inset showing that the entire sample is nanorods b) HTREM image taken from a nanorod area revealing crystalline material with d-spacing of A=4.5 Å and B=4 Å correlating to the () and () planes of cubic Co3O4 with the inter-plane angle of 55°. c) HTREM image taken from a nanorod area again revealing crystalline material with d-spacing of 2.8 Å and 4.5 Å correlating to the (111) and () planes of cubic Co3O4.









Figure 5‑3: a) TEM image of Sample 20B. b) TEM image of Sample 20B revealing d-spacings of 4.5 Å and 2.8 Å correlating to cubic cobalt oxide in (111) and () planes viewed along [] direction. c) A 1D lattice fringe with a d-spacing of 4.5Å which correlates to cubic cobalt oxide with a (111) plane.

When comparing Sample 4B (Figure 5‑4c), which has the baseline amount of cobalt nitrate added to these samples, we observed longer nanorods, as we expected with loading of twice the baseline amount, for Sample 20B (Figure 5‑4a & b).  


Figure 5‑4: a) TEM image of Sample 20B, double impregnated sample in two impregnations. .b) Baseline sample (Sample 4B) consisting of the baseline amount of cobalt nitrate.









Figure 5‑5: a) TEM image of Sample 28B displaying nanorods. b) HRTEM image of nanorod with d-spacings of 2.4 Å and 2.3 Å correlating to the () and () planes of Co3O4 viewed along the [] zone axis with angles between planes of 84°.

ICP results of 14 wt% cobalt reveal that most of the 18 wt% of Co(NO3)2·6H2O was impregnated onto the support.  A cluster of nanorods is observed in Figure 5‑5a with the width of the nanorods appearing to be similar to those observed in Sample 4B.  HRTEM of nanorods in Sample 28B (Figure 5‑5b) yielded a 2D FFT pattern with d-spacing of 2.4 Å and 2.3 Å indexed to lattice planes of () and (311) planes from the cubic Co3O4 viewed along the [] zone axis with angles between planes of 95°.





Figure 5‑6: a) TEM image of Sample 28B. b) The 2D FFT pattern revealing d-spacing of 4 Å and 4.5 Å correlating to the (200) and (111) planes of Co3O4 viewed along the [] zone axis with inter-plane angle of 55°.





Figure 5‑7: XRD pattern of Sample 28B displaying the biggest peak at 2θ =35.5°.





The addition of cobalt nitrate (1/3 of the amount of baseline sample) to the support followed by calcination, resulted in material with no defined morphology when imaged by low magnification TEM.  There was no evidence of any nanorod formation (Figure 5‑8a).  EDX analysis was performed to confirm the presence of cobalt on the sample and indicated the presence of cobalt even though no obvious shape change is observed in the TEM image of the sample (Figure 5‑8a).  ICP  wt% of cobalt also confirmed that the wt% of cobalt of 7.6% is 1/3 of the wt% of cobalt ICP of the baseline sample (24.5 wt%).  Upon closer inspection at higher magnification an HRTEM image of Sample  64B showing an interesting area with prisms was observed (Figure 5‑8 b&c). 

 SHAPE  \* MERGEFORMAT 

Figure 5‑8: a) TEM images of the entire Sample 64B revealed no regular shape of cobalt oxide even though the inset EDX spectrum displaying the presence of silica and cobalt. b) TEM images of area displaying a unique morphology. c) HRTEM of the area A, in b, with unique prisms.









The addition of Co(NO3)2 6H2O at ¼ the amount of Co(NO3)2·6H2O of the baseline sample (Sample 4B), yielded Sample 45B.  This amount was chosen because this is the amount of Co(NO3)2·6H2O needed for pore filling of the Silica 922 and will be labelled as the standard sample.  TEM of the sample displayed no apparent morphology at this resolution of 60000 magnification (Figure 5‑10a) so a larger magnification HRTEM image was taken and a unique shape was obtained , throughout the entire sample, which was a Co3O4 prism (Figure 5‑10b).  Although there was an area where prisms were observed in Sample 64B, the sample mostly contained crystalline deposits of Co3O4, this is the first sample where the dominant morphology is prisms.  The HRTEM of the prismatic structures shows them to be crystalline with d-spacings of 4.0 Å and 4.5 Å correlating to the cubic Co3O4 planes of (200) and (111) (Figure 5‑10).  The prism is either flat–topped or triangular shaped.  The d-spacing of these different edged prisms are the same thus indicating that the different edge prisms are comprised of the same cubic Co3O4 phase (Figure 5‑10c).

 SHAPE  \* MERGEFORMAT 

Figure 5‑10: a) TEM image entire area of Sample 45B revealing no apparent crystallite shape but closer inspection. b) The presence of prisms was seen throughout the sample with larger magnification. c) HRTEM image of prism with d-spacings of 4.5 Å and 4.0 Å correlating to (111) and (200) planes of cubic Co3O4 viewed along the [] zone axis. The inter-plane angle is about 54°, matching calculated angle of 55°.









TEST samples are samples that are used to compare the difference in the shape Co3O4 in the presence of molecular precursor and absence of it, without changing any other parameters.  This TEST standard sample was prepared on the Silica 922 with the addition of the pore filling amount of the Co(NO3)2 6H2O to produce a standard amount of cobalt sample without molecular precursor.  Therefore, this sample was to verify that the prisms are formed due to the titanium additive and not due to the support itself and was named, TEST standard sample.  The entire sample seems to consist of nanorods (Figure 5‑12a) and nanoparticles (Figure 5‑12b).  As a result, the absence of the prisms in this sample indicates that the prisms observed in Sample 45B are due to the presence of the molecular precursor on the support.  This network of intricate nanorods and nanoparticles on the support again is a typical morphology indication of the Co3O4  crystallites on the Silica 922 support in the absence of molecular precursor, TEST baseline sample.  It seems that the morphology of the Co3O4 in TEST samples are not influenced by the quantity of Co(NO3)2·6H2O added as both the TEST baseline sample and TEST standard sample displayed the same Co3O4 shape even though the quantity of the Co(NO3)2·6H2O was varied.
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Figure 5‑13: a) TEM image of Sample 46B revealing an areas of nanoparticles. b) HRTEM image of concentrated areas of nanoparticles with d-spacings of 1.9 Å and 1.6 Å correlating to cubic Co3O4 planes of (400) and (422). c) HRTEM images indicating that the dimensions of the nanoparticles are 20 nm in diameter and 25 nm in height.













Figure 5‑15: a) TEM image of Sample 65B with a morphology similar to that of the Silica 922 support. b) HRTEM image of Sample 65B with individual nanoparticles.


















To determine what Co3O4 shape will be observed when the pore filling amount is achieved in two impregnations of Co(NO3)2·6H2O, Sample 40B was synthesised.  Sample 40B consists of Sample 39B with another 1/8 of Co(NO3)2·6H2O added.  Upon first inspection of the TEM images no obvious morphology variation from the Silica 922 support was observed (Figure 5‑18a).  However, closer inspection with HRTEM indicated the presence of Co3O4 nanoparticles (Figure 5‑18b).  The total amount of cobalt nitrate added is 4.93 wt% which is close to the pore filling amount, 6.09 wt%.  The image in Figure 5‑18b showed the presence of more Co3O4 nanoparticles which might be attributed to some titania sites still available for the growth of Co3O4 which was not utilised by the small reservoir of a 1/8 Co(NO3)2·6H2O addition in Sample 39B.  This is the reason that a change in the type of morphology is not observed going from Sample 39B to Sample 40B only an increase in the amount of nanoparticles.  These nanoparticles are still very small and crystalline and exhibit a d-spacing of 4.7 Å which correlates to the (111) planes of cubic Co3O4.in Figure 5‑18b. 
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Figure 5‑18: a) Low magnification TEM image of Sample 40B revealing a morphology similar to Silica 922. b) The HRTEM image with deposits of Co3O4 with d-spacing s of 4.7 Å correlating to (111) plane of cubic Co3O4.

5.1.2	Proposed mechanism for Co3O4 nanorod formation







Figure 5‑19: Possible nanorod formation mechanism.

This has been reported in the literature previously, by Su et al.[​[149]​] with a SiNW and Au catalyst.  They proposed a mechanism of crystal growth of the silicon to form the silicon nanowire was via the Vapour-Liquid-Solid (VLS) mechanism.  To understand the growth of the nanowires, the stage of nucleation was investigated which demonstrated that the original shape of the particles should be spherical.  Silane gas is continuously dissolved in this layer until Si becomes supersaturated, the absorbed silicon will tend to segregate to the surface, leading to a cubic nucleus as shown in Figure 5‑20 with top cubic face is inactive because no silicon is transported to that surface.

 SHAPE  \* MERGEFORMAT 

Figure 5‑20: a) Proposed growth nucleus from Au nanoparticles for Si nanowires. b) Spherical shaped Au nanoparticles on the bottom of a Si Nanowires. c) Pyramid-shaped end of SiNWs.

The most active area (like in our model), which controls the nanowire growth, is the bottom face where silicon (our Co(NO3)2·6H2O reservoir) can be continuously supplied from the mixed layer to the silicon crystallite (Figure 5‑20b).  The side surface of the nucleus is relatively less active.  They also proposed that the pyramid-shaped end of SiNWs resulting from the first segregation outburst on the surface of spherical particle, instead of a flat surface connected to the Au particle as seen in Figure 5‑20c.

In our model when the nitrate level is too low to form a continuous reservoir no upward growth occurs to form nanorods and nanoparticles so deposits of Co3O4 are formed (Figure 5‑21).  The formation of the nanoparticles is thus due to growth around the titanium active centres and not just normal growth on unmodified silica.  If the growth is slow, comapred to nanorod growth, and prism-shaped nanoparticles are formed.


Figure 5‑21: The possible mechanism for prism and nanoparticle growth.





Figure 5‑22: The possible growth mechanism for formation of nanoparticles with a second impregnation.













The sample above proved that we can form nanorods from the well defined crystalline Co3O4 shape but is it possible to grow nanorods from a ill-defined shape, like Sample 64B, which had Co3O4 deposits with ill defined borders.  Thus Sample 105B was prepared by using Sample 64B as support and adding 2/3 amount of the baseline cobalt nitrate to the sample and calcining it to produce Sample 105B which contains a total Co3O4 equal to that in a baseline sample.





Figure 5‑24: a) TEM image of Sample 105B. b) TEM images of Sample 105B revealing shorter nanorods. c) HRTEM image of Sample 105B revealing d-spacing of 4.5Å and 4.1Å correlating to the (111) and (200) planes of cubic Co3O4 viewed along the [] zone axis the two planes are at an angle of 56° to each other.

5.1.3	Modification of the calcination step






Sample 54 was prepared in the same way as Sample 4B with the only modification to the procedure being a reduction in the final calcination temperature from 250 °C to 220 °C.  The TEM images of Sample 54 displayed nanorods that are more crystalline in comparison to the Sample 4B (Chapter 3) while this sample shows that the nanorods are closer packed together than in the baseline sample (Figure 5‑25a).  The HRTEM images of Sample 54 show very crystalline nanorods with d-spacing of 2.4 Å which correlates to the cubic Co3O4 phase with the plane of (311) (Figure 5‑25b).  The greater crystallinity may be due to the slower formation of Co3O4 due to the slower decomposition at the slightly lower temperature.
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Figure 5‑25: a) TEM image of Sample 54 displaying intricate network of the nanorods of Sample 54. b) HRTEM image of the nanorods with d-spacing of 2.4 Å.










Figure 5‑26: a) TEM image of Sample 83 revealing nanorods. b) HRTEM image revealing d-spacings of 4.6 Å and 4.1 Å correlating to the (111) and () planes of cubic Co3O4 viewed along the [] zone axis with an angle of 125°.

5.1.4	Imaging the growth of cobalt oxide nanorods





The calcination of Sample 4 was stopped after 3 h to produce Sample 73.  TEM images of the sample indicated the presence of some crystalline area but the nanorods shape was absent from the sample (Figure 5‑27). 
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Figure 5‑27: a) TEM image of Sample 73 when calcinations was stopped after 3 h at 220 °C displaying the absence of nanorods. b) TEM image revealing the presence of some crystalline areas. 









When the calcination hold time is increased from 3 to 4 h, the Co3O4 shape of the sample changes from the particles and truncated prisms to smaller more uniform particles and nanorods (Figure 5‑29) in Sample 76.  Closer inspection of the nanorods showed the presence of 1D lattice fringe of 4.5 Å correlating to the (111) planes of the cubic Co3O4, which corresponded to the cubic Co3O4 phase (Figure 5‑29 ) and there nanorod morphology are similar when compare to the nanorods in the full 6 h calcined samples.
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Figure 5‑29: a) TEM image of Sample 76 revealing nanorod and b) the presence of particles. c) HRTEM image of Sample 76 in the nanorods area revealing concentration of nanorods and a 1 D-lattice fringe correlating to cubic Co3O4 with d-spacing of 4.5 Å.


















Figure 5‑31: a) TEM image of Sample 77 which revealing a nanorod throughout the sample. b) TEM image revealing the intricate network of nanorods. c) This TEM image of unique growth on top of the already formed nanorods, which might be the initial stage of nanorod formation, on top of already formed Co3O4.

The results we observed, from this section (5.1.4) are that the morphology of the samples, changes as we increase the calcination hold time.  We start from undefined morphologies below 3 h.  At 3 h, Sample 73 showed  the presence of the prisms and amorphous nanoparticles (Sample 73).  While 4 h sample (Sample 76) renders another mixed morphology of nanoparticles and rods while 5 h sample, Sample 77, seems to produce a very closely spaced network of nanorods.  As a result, we conclude that the morphology of the cobalt oxide changes over time and thus the calcination hold time needs to be longer than 3h to achieve the formation of the nanorods.   

5.1.5	Investigating the unsupported Co3O4 morphology





Figure 5‑32: a) TEM image of Sample 73 displaying morphology of Co3O4. b) TEM image of Sample 82B displaying a area which only contains Co3O4. c) TEM image of Sample 63B displaying a shapecontaining only Co3O4.

While Sample 4B displayed a range of different morphologies ranging from spherical particles to crystalline deposits with these unique morphologies being the exception from the overall sample morphology.  The spherical shape is observed in Figure 5‑33 b while deposits are observed in Figure 5‑33c.
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Figure 5‑33: a) TEM image of Sample 4B of the unique morphologies. b) Droplet c) Deposit 

These morphologies can be formed due to the presence of TiSi3 and/or support even though the silica or titanium was not incorporated into it.  We have not observed these spherical particles when we investigated TEST standard or TEST baseline samples.  A support effect is seen in Chapter 3 in TEST baseline sample where nanorods and particles were observed.  This thus indicates that this morphology is not due the presence of molecular precursor or the support. To investigate if this morphology is due to the normal evolution of Co(NO3)2·6H2O to cobalt oxide TEST TEM grid sample was prepared.  TEST TEM grid contains only Co(NO3)2·6H2O.  TEST TEM grid sample was prepared by the Co(NO3)2·6H2O impregnation procedure, without support, and dried.  Upon which a small amount of the dried Co(NO3)2·6H2O was dissolved in some acetone and a drop added onto a TEM grid and calcined under normal conditions before grid was analysed.

5.1.5.1	 TEST TEM grid





Figure 5‑34: a) TEM image of grainy morphology of TEST TEM grid sample. b) TEM image of TEST TEM grid sample with the droplets in the grainy morphology. 

The TEM images of the sample exhibited two main forms; one consisting of spherical particles, which are shown to be Co3O4 by EDX analysis (Figure 5‑34b).  The second type of morphology consists of agglomerated cobalt oxide consisting of small crystallites (Figure 5‑34).  These morphologies have not been observed in our previous samples and this indicates that the unique, isolated and unexplained morphologies observed in our Sample 4B (section 5.1.5) are due to normal evolution of unsupported Co(NO3)2·6H2O.
Thus, the unique Co3O4 shape of Sample 4B and Sample 62B observed are due to just the cobalt nitrate decomposition to cobalt oxide, as seen in TEST TEM grid sample.  The Sample 73 morphology seems to be influenced by the Silica 922 support because we have nanorods and we only observed the nanorod like structure in TEST baseline.  The morphology observed in Sample 82B may be influenced by the support and /or TiSi3 and the cause of this shape could not be determined because this Co3O4 shape was not observed in any of the TEST samples.

5.1.6	Pore filling amount of Co(NO3)2·6H2O on 2nd and 3rd grafted molecular precursor samples and Aerosil 200

















Figure 5‑36: TEM images of Sample 104B.









Figure 5‑37: a) TEM image of Sample 106B. b) HRTEM image confirms the absence of nanorods.




















Figure 5‑39: a) TEM image of Sample 69B particle morphology. b) A High Resolution TEM image showing different sizes for the particles.





Figure 5‑40: a) HRTEM image of Sample 69B revealing several an areas containing nanoparticles. b) HRTEM image of Sample 69B nanoparticles along the [] zone axis with FFT pattern (inset) revealing d-spacings of A=2.8 Å and B=2.4 Å which correlates to the (20) and (131) planes of the cubic Co3O4 with an angle of 69° between the planes.








The addition of more Co(NO3)2·6H2O, double the amount of baseline sample, produces longer Co3O4 nanorods.  This is observed for the 2nd impregnation of the cobalt nitrate sample (Sample 21B). When addition of double the baseline amounts is attempted in one  impregnation ICP reveals that the saturation point for absorption of cobalt nitrate has been reached indicated by cobalt ICP results of only 22.6 wt% even though 75 wt% of cobalt was added.  With two impregnations of cobalt nitrate, 35.5 wt% could be reached.  These experiments show that there is an upper limit to the amount of cobalt nitrate that can be added to the modified support as observed by the detection of lower levels of cobalt than was added to Sample 21B and Sample 20B.

The addition of less Co(NO3)2·6H2O, half the amount of baseline, produced shorter nanorods in Sample 28B.  While addition of 1/3 amount of Co(NO3)2·6H2O yielded a mixed morphology of amorphous deposits and prisms, with the amorphous deposits being dominant.  When reaching the pore filling amount of Co(NO3)2·6H2O for Silica 922, prisms for Co3O4 are observed.  The morphology of the samples below pore filling such as 1/6 Co(NO3)2·6H2O of baseline, Sample 65B and 1/8 Co(NO3)2·6H2O of baseline, Sample 39B, revealed nanoparticles.  We also observed that, if the quantity of Co(NO3)2·6H2O is not sufficient, we get isolated areas of Co(NO3)2·6H2O (Sample 39B).  In the case of the 1/8 and 1/6 amount of Co(NO3)2·6H2O, we observe nanoparticles.  The nanoparticle distribution changes from isolated nanoparticles to more closely spaced nanoparticles with no change in shape or size of particle being seen when increasing the Co(NO3)2·6H2O amount from Sample 39B to Sample 65B.  This can be related to the isolated active sites bringing about decomposition without a reservoir, which brings about these evenly spaced cobalt oxide nanoparticles i.e. nanoparticles are formed on the isolated active sites.  When 1/8 amount (Sample 39B) was compared with 1/6 amount of Co(NO3)2·6H2O, we observed that the presence of a larger Co(NO3)2·6H2O reservoir with more and closer spaced particles (Sample 65B).  Thus we have not covered all the titanium sites with Co3O4 when only adding 1/8 amount of Co(NO3)2·6H2O.

To prove that if the reservoir is sufficient we have enough to grow nanorods from ill-defined deposits in Sample 64B and well-defined Co3O4 prisms in Sample 45B, Sample 105B and Sample 67B was synthesised.  Sample 105B was synthesised by addition of 2/3 Co(NO3)2·6H2O on Sample 67B, which already contains 1/3 Co3O4.  Sample 67B was synthesised by addition of ¾ Co(NO3)2·6H2O on Sample 45B, which already contains 1/4 Co3O4.  These samples both displayed nanorods for baseline sample, Sample 4B.  The nanorods shape is only reached when the Co(NO3)2·6H2O reservoir is sufficient.  This also proved that growth can continue on the already formed Co3O4 when more Co(NO3)2·6H2O is added.

This was also observed for Sample 46B and Sample 40B.  Sample 40B were synthesised by addition of another 1/8 amount of Co(NO3)2·6H2O to Sample 39B indicating more nanoparticles than in Sample 39B.  This indicates that all the active sites we not covered by 1/8 amount of Co(NO3)2·6H2O in the first impregnation and that growth occurs preferentially on the active sites rather than on preformed Co3O4.  It also suggests that the prisms, which are observed when the pore filling amount is reached in one impregnation, are due to a sufficient reservoir of Co(NO3)2·6H2O and not the isolated areas of Co(NO3)2·6H2O.  The same was observed for Sample 46B where Sample 45B (prisms) was subjected to another 1/4 amount of Co(NO3)2·6H2O to yielded nanoparticles and not short nanorods as observed for Sample 28B, were ½ the amount was added in one impregnation. 

We observed that modifying the calcination temperature, from 250 °C to 220 °C, affects the crystallinity and the nanorods are closer packed together than in the baseline sample.  Trying to image the nanorod formation proved to be more difficult than first anticipated, because there is a mixed morphology of Co3O4 up to 4 h (Sample 76) while closely packed nanorods are present after 5 h (Sample 77).  This might indicate that the different morphologies observed could be due to residual cobalt nitrate, from the reservoir, which upon cooling crystallises to from the different particle morphologies.  It is not until after 5 or 6 h that full conversion and the Co3O4 nanorod shape is observed.

The support also effects morphology, as shown by the change from Silica 922 to Aerosil 200 where no Co3O4 prisms were observed with addition of a ¼ cobalt nitrate amount.  We also observed that the active sites in the 2nd (Sample 68B) and 3rd impregnated (Sample 69B) titanium differ from the first, as was seen in baseline amount (Chapter 3) and standard amounts (this chapter).  With ¼ Co(NO3)2·6H2O in the 2nd impregnation (Sample 68B) displayed nanoparticles where the boundaries of the particles are unclear and the 3rdgrafted titanium modified support (Sample 69B) revealed nanoparticles which differ from the 1st grafted sample which displayed prisms.  The nanoparticles in Sample 69B also are more defined and have increased in numbers when compared to Sample 68B this indicates that we have different sites for each grafting of the molecular precursor.

The absence of support and the molecular precursor indicated that the transformation from cobalt nitrate hexahydrate to cobalt oxide produced spherical particles probably due to the cobalt nitrate melting to form droplets which is followed by decomposition to form Co3O4.  TEST standard sample also proved that the Co3O4 prism shapes observed for Sample 45B is unique to the presence of the molecular precursor modified Silica 922 support and to the Silica 922 support.  In the absence of precursor on Silica 922, we observed Co3O4 nanoparticle and nanorods.



























As described in Chapter 4, Tilley and co-workers employed the molecular precursor approach [30] to obtain site-isolated titanium sites on silica which involved the grafting of Ti[OSi(OtBu)3]4, iOPrTi[OSi(OtBu)3]3 and (OtBu)3TiOSi(OtBu)3.  This was achieved by the reaction of the precursor with the hydroxyl groups of the silica surface producing isolated, surface bound species of the desired structure and composition.  
 




Figure 6‑1: General route employed for production of isolated surface bound species of particular structure and composition for ligand a) TiSi4, b) TiSi, c) TiSi3.

TGA displayed a steep weight loss corresponding to stiochiometric formation of the TiO2·4SiO2 for TiSi4, TiO2·3SiO2 for TiSi3 and TiO2·SiO2 for TiSi verifying the Ti/Si ratio.  The start temperature for the decomposition of molecular precursors appears to be linked to the number of siloxide ligands TiSi4 (250 °C), TiSi3 (180 °C) and TiSi (190 °C) [30].  The molecular mechanics calculations showed a pseudo-tetrahedral coordination environment for the titanium centres.  The approximatly spherical space filled by the TiSi4 molecular precursor has a van der Waals diameter of 16 Å.  Due to inequivalent sizes of the ligands on the TiSi3 and TiSi molecular precursor, the titanium centres are distorted from a spherical coordination environment.  The TiSi3 moiety has the shortest van der Waals distance across the molecule of 11 Å and longest of 15 Å while the TiSi molecular precursor occupies a space of 8 Å x 11 Å only [30].

To determine the effect the steric constraints of the ligand groups has on the grafting of the complex, an excess of the molecular precursor was added to the various supports and the results obtained from loading were determined via ICP analysis.  The OH coverage of 1.7 and 1.01 OH/nm2 for MCM-41 and SBA-15 respectively was determined by the reaction of (THF)2Mg(CH2Ph)2 with the support using 1H NMR [45].  Results from the loading of the TiSi4 on the MCM-41 support showed a low loading of 0.05 wt% or 0.06 Ti/nm2 obtained by employing a large excess of the precursor may be attributed to the diameter of TiSi4 (16 Å) compared to the pore diameter of MCM-41 (33 Å).  This indicates that pore blocking has occurred and has limited the loading of the molecular precursor.  Pore blocking by TiSi4 may occur when the molecule is absorbed into the mesoporous channel, which then blocks the access of more molecules into this channel.  A higher loading is observed for the smaller molecular precursor TiSi3 (1.42 wt% or 0.178 Ti/nm2).  The SBA-15 support was employed due to its pore diameter of 65 Å, which is much larger than the TiSi4 molecule.  However only a 0.25 wt% Ti loading was observed and this indicates that the steric constraints of the -OSi(OtBu)3 groups may play a role in the grafting of the precursor.  These steric constraints effects, of the ligand groups, is supported by the smaller precursors TiSi3 and TiSi which can be supported onto SBA-15 with a much higher metal loadings of 1.77 wt% (0.28 Ti/nm2) and 4.39 wt% (0.72 Ti/nm2), respectively, when adding a large excess of the precursor.  Aerosil 200, which has no pore size restriction, grafted with TiSi4 yielded only 0.10 wt% (0.066 Ti/nm2), even less than on the SBA-15, revealing that steric constraints of the molecular precursor ligand groups are responsible for the low loading of the precursor because there is no pore size restriction which could have hinder the grafting of the precursors.  In addition, the least sterically hindered precursor examined in this study, Ti(OiPr)4, is much more reactive toward the silica supports, and yields complete coverage 6.76 wt%, 1.1 Ti/nm2 on the SBA-15.

In addition, Maschmeyer et al. reported that Ti-grafted MCM- 41 derived from Cp2TiCl2 is composed of isolated, tetrahedral titanium sites that result from the stabilisation of the metal centres by the relatively stable cyclopentadienyl ligands [​[150]​].  Tilley also investigated the Maschmeyer theory, that the steric constrained siloxide ligands from the precursors should provide the same benefit as observed by Maschmeyer group, by stabilising the site-isolated metal on the silica surface.  Tilley thus postulated that the siloxide ligands prevent dimerisation or oligomerisation of the titanium species during the grafting process.  At low metal loadings, the possibility of dimerisation/oligomerisation is relatively low.  Therefore catalysts derived from the TiSi3 and TiSi4 molecular precursor have very similar activity.  The influence of the OSi(OtBu)3 ligand group of the precursor on the performance of epoxidation catalysts was investigated.  Results from the four precursors TiSi4, TiSi3, TiSi, and Ti(OiPr)4 revealed that at the metal loadings greater than 1 wt %, TiSi3 is superior to TiSi and Ti(OiPr)4 as a catalytic precursor, and TiSi is better than Ti(OiPr)4.  The problem with the Ti(OiPr)4 is that it has a tendency to form oligomeric titano-oxo species and/or some anatase byproducts during the grafting procedures [150, 54].





This chapter is based on the morphology changes observed for cobalt oxide with each of the various ligand systems.  The ligand systems Ti[OSi(OtBu)3]4 (TiSi4) (Figure 6‑2), iPrOTi[OSi(OtBu)3]3 (TiSi3) (Figure 6‑3), (OtBu)3TiOSi(OtBu)3 (TiSi) (Figure 6‑4) and Ti(OiPr)4 (Figure 6‑5) were analysed to investigate what effect the steric constraints of ligand groups have on the Silica 922 support.  The corresponding sample labels are summarised in Table 6‑1.


Table 6‑1: Sample labelling employed to determine the effect of the steric constraints of the ligand groups has on the Co3O4 morphology. 











& Ti=0.02 wt% but TiSi4/Co ratio =TiSi3/Co ratio for 1/8 Co loading. $ Pore filling amount of cobalt nitrate, standard amount.* 4 times the standard amount, baseline.$ These samples ICP values,yielded higher Tiwt% than what we excpected  and could not be used to compare to 0.08wt% samples but was used to determine what effect high Ti wt% has on Co3O4 morphology.

















Figure 6‑5: General route employed for the production of the isolated surface bound species of Ti(OiPr)4 with cobalt nitrate impregnated and calcined to render Co3O4 on modified support.

Elemental Analysis (wt%) was performed on calcined and uncalcined samples (Table 6‑2) with complete carbon removal upon calcination (<0.5 %) visible from these results.

Table 6‑2: CHN analysis and ICP of samples.
.













 This high value could not be explained. *This value was never measured.
The ICP revealed that when equal amounts of the molecular precursor was added, higher loading were observed for the TiSi3 (0.08 wt%) compared to the TiSi4 (0.02 wt%) precursor.  This agrees with Tilley’s results [30] where they observed a higher loading for ligands with less steric constraint.  

6.2.1	Nitrogen adsorption desorption isotherms 

Micromeretics Gemini VI and ASAP2020 were employed to measure the nitrogen adsorption-desorption isotherms at 77K and this data was used to determine the isotherms, Barret Joyner and Halenda (BJH) pore volume, Brunauer-Emmett-Teller (BET) surface area and the total pore volume of the molecular precursor grafted onto the support.  When comparing the surface areas of the various ligands on the Silica 922 support (Table 6‑3).  It is clear that coordination of any of the ligand systems leads to a decrease in the surface area as expected but is not significant.  This also shows no structural changes to the support because of the treatments and coordination of the various molecular precursors.

Table 6‑3: Surface area of Silica 922 support and modified Silica 922.








An example of the isotherm curve is displayed in Figure 6‑6, which displays a type IV curve similar to the curve for Silica 922.  The hysteresis loop is due to the capillary condensation [86] as explained in Chapter 3.  This inhibits the evaporation and causes a decreasing portion of the loop to lag behind until all the pores have emptied.  The curve clearly shows that the desorption branch follows a different path to adsorption branch, although the curve closes as it approaches a relative pressure 0.4 P/Po.  The hysteresis in this sample seems to vary from the classic type of hysteresis observed for type IV isotherms.  There seems to be a variation in the slope of the desorption curve, which does not show a gradual increase in the volume with a decreasing pressure but instead decreases rapidly after 0.5 P/Po which is indicative of a sudden emptying of the pores.  This behaviour is typical for ink bottle-type pores [​[151]​, 88, 89], namely pores consisting of wide bodies and narrow heads.










The mass loss from the TiSi4 ligand correlated to the loss of the fragment 3(Si(OtBu)3) at 240 °C.  Thus indicating 3(Si(OtBu)3 are lost in one step leaving the TiSi(OtBu)3 fragment (Figure 6‑7).


































Figure 6‑11: TGA analysis of Sample 2.
































This sample contains TiSi4 on the Silica 922 which was calcined and Sample 71B was produced by modifying the cobalt quantity so that the amount of the cobalt per active titanium sites is identical to Sample 4B (Ti:Co 1:306).  To achieve this, only a 1/8 amount of cobalt nitrate was added and not the baseline amount (Figure 6‑14).  The TEM images showed nanoparticles as this sample only has a 1/8th of the amount compared to baseline.  HRTEM revealed nanoparticles with d-spacing of 2.9 Å and 4.5 Å correlating to the (20) and (111) planes of cubic Co3O4 with inter-plane angle of 91° viewed along the (2) zone axis (Figure 6‑14c).  The Co3O4 morphology shows that the cobalt reservoir plays a role as explained in Chapter 5.  This indicates that the desired Ti:Co ratio cannot be obtained by altering the Co ratio because the reservoir effects also comes into play.  The only way to obtain the desired Ti:Co ratio is to adjust the Ti ratio to equal Sample 4B 

    









Figure 6‑15: a) HAADF-STEM image of Sample 84A revealing no obvious areas of Ti deposits. b) HAADF-STEM image indicating that brighter areas contain only Si and O elements.









Figure 6‑16: a) Low magnification TEM image of Sample 85B with nanorods. b) High magnification TEM image of Sample 85B with 1D-spacing of 4.5 Å correlating to (111) plane of Co3O4. c) High magnification TEM image revealing a 1D-spacing of 2.4 Å correlating to the (311) plane of Co3O4.





This sample was prepared by adding the same amount of TiSi ligand to Silica 922 support, as was used as for TiSi3, followed by calcination to produce Sample 96, therefore disregarding the effect that the steric constraints of the ligand group have on the loading of the precursor during grafting onto the support surface.  The sample ICP analysis revealed the presence of 0.07 wt% Ti even though 0.20 wt% was added.  Sample  96 was analysed by HAADF-STEM because we have seen with previous ligand system (TiSi3) that determining the active sites is difficult or impossible with TEM.  HAADF-STEM showed no obvious areas of titanium but with EDX some areas could be identified in Figure 6‑17a.  This shows that there are no particles/clusters of TiO2 and points towards the presence of active sites which are isolated. The quality of the image was affected by charging. The charging effect can be observed in Figure 6‑17b.

 SHAPE  \* MERGEFORMAT  SHAPE  \* MERGEFORMAT 









Figure 6‑18: a) TEM image of Sample 97B. b) Higher magnification TEM images of Sample 97B revealing nanorods.























Figure 6‑21: a) TEM image of Sample 92B. b) Low magnification TEM image of Sample 92B revealing nanorod.





Figure 6‑22: a) HRTEM image of Sample 92B with d-spacings of 2.8 Å and 4.6 Å correlating to cubic Co3O4 planes of () and (111) viewed along the [] axis.  The angle between the planes is 88°. b). HRTEM image of Sample 92B with d-spacings of 2.7 Å and 2.3 Å correlating to the () and (311) planes of cubic Co3O4.  These two planes are at an angle of 63° to each other and are viewed along the [].
6.2.5	Standard amount









Figure 6‑23: a) TEM image of Sample 45B revealing a prisms. b) HRTEM image of Sample 45B with d-spacings of 2.7 Å and 3.9 Å correlating to the (200) and (022) planes of cubic Co3O4 viewed along the [] zone axis with an angle of 90.4°.








Figure 6‑24: a) Low magnification TEM image of Sample 70B. b) HRTEM image of Sample 70B revealing 2D spacings of 2.8 Å and 4.5 Å.  The marked lattice fringes are indexed to cubic Co3O4 with space group Fd3m and lattice parameter a=8.085 Å where 4.5Å and 2.8 Å correlates to the (220) and (111) planes. 

HRTEM indicated areas of Co3O4 with 2D spacings of 2.8 Å and 4.5 Å correlating to the (220) and (111) phase of cubic Co3O4 (Figure 6‑24), with inter-plane angle of 38°, while the calculated angle was 35°, viewed down the [] zone axis.









Figure 6‑25: a) HRTEM image of Sample 101B. b) High magnification HRTEM image of Sample 101B with 1D-spacing of 4.5 Å correlating to the (111) plane of cubic Co3O4.





Sample 101B proved the steric constraints of the ligand groups of TiSi4 affect the shape of Co3O4 at pore filling amounts as Sample 101B did not render prisms as observed in Sample 45B but ill-defined deposits of Co3O4.  We investigated what affect the less steric constraining groups on TiSi precursor has on the morphology of Co3O4.













Figure 6‑27: a) TEM image of Sample 100B revealing concentrated areas of Co3O4 deposition. b) HRTEM image of deposits of Sample 100B with 1D-spacing of and 2.1 Å correlating to the (400) plane of cubic Co3O4.





Sample 111B was produced by adding ¼ cobalt nitrate to the support, which contains 0.34  wt% of Ti of the molecular precursor, TiOiPr, Sample 110.  Attempts to synthesise a sample that contains 0.08  wt% Ti on the support were unsuccessful and we obtained 0.34 wt% Ti on this sample.  The sample was still analysed to see what effect an increase in molecular precursor has on Co3O4 shape.  Low magnification TEM images displayed no change from the support morphology (Figure 6‑28a), while HRTEM showed concentrated darker areas, which suggest the Co3O4 crystallites are located in these isolated areas on the support (Figure 6‑28b).  HRTEM images (Figure 6‑28b) show some areas with Co3O4 deposits with d-spacings of 3.5 Å and 2.8 Å correlating to (200) and (022) planes of cubic Co3O4 viewed with an angle of 92° (calculated angle of 90°) between planes viewed along the [01] zone axis direction.

 SHAPE  \* MERGEFORMAT 

Figure 6‑28: a) TEM image of Sample 111B. b) HRTEM images revealing an area with Co3O4 deposits with d-spacings of 3.5 Å and 2.8 Å are observed correlating to the (200) and (022) planes with an inter-plane angle of 92° of cubic Co3O4 viewed along the [] direction.





Sample 112B was produced by adding ¼ Co on the support, which contains 0.24 wt% Ti of the molecular ligand, TiSi, Sample 108.  An effort to synthesise a sample that contains 0.08 wt% Ti on the support was unsuccessful and we obtained 0.24  wt% Ti on this sample.  The sample was still analysed to see what effect an increase in molecular precursor has on Co3O4 shape.  Low-magnification TEM image revealed no particular change from the support morphology (Figure 6‑29a) while HRTEM with concentrated darker areas, suggest the Co3O4 is located in isolated areas over the support (Figure 6‑29b) but no crystalline pattern could be obtained and thus no d-spacing was determined.

 SHAPE  \* MERGEFORMAT 

Figure 6‑29:TEM images of Sample 112B. b) HRTEM image of Sample 112B.





ICP revealed that when the same amount of molecular precursor was added a higher loading of TiSi3 (0.08 wt%) was achieved compared to TiSi4 (0.02 wt%).  The TiSi and Ti(OiPr)4 differed from Tilley’s observation and only yielded low loading and not high loading as observed by Tilley.  Tilley used MCM-41 and SBA-15 as supports.  Tilley used MCM-41 and postulated that the smaller ligand groups will be able to incorporate into the inner wall of MCM-41 while TiSi4 will block the channel and hinder any further passage of precursor into the channels.  Our support (Silica 922) has no ordered mesopores.  The steric nature of the ligand groups do not affect the Co3O4 morphology with addition of baseline amounts of Co(NO3)2·6H2O and the entire range of molecular precursors all produced nanorods.  This might be due to the ligand system, which will only affect the maximum titanium loading and once calcination has been carried out, we are left with the same titanium active sites for the different precursors or the different quantity and types of precursor have the same growth mechanism when sufficient Co(NO3)2·6H2O is added.  To investigate this we obtained the desired Ti:Co ratio by modifying the amount of molecular precursor. For TiSi4 nanorods are still observed with the standard amount of cobalt nitrate, in Sample 101B.  Therefore, the different molecular precursor does not affect the Co3O4 morphology at baseline amounts of cobalt nitrate.  If this holds true, the effect of pore filling amount should all render the prisms independent of the ligand system.





















Conclusions and a brief overview are given on work completed in Chapters 3-6 with suggestions on improvement 











In summary, Chapter 3 has shown the presence of some unique morphologies of Co3O4 on the various supports.  The most interesting is the nanorods of Co3O4 observed on Silica 922 and the presence of areas with orthorhombic TiO2 particle on this support.  Mainly the molecular precursors on the other supports discussed in Chapter 3 were not observed, which indicates that the TMP method was successful and we have produced isolated sites.  Chapter 3 revealed that the support has an effect on the Co3O4 morphology.  The presence of various morphologies of Co3O4 with MCM-41 and SBA-15 renders analysis difficult even though the morphologies are of interest.  Thus, to simplify analysis for the rest of the project, Silica 922 was utilised as the support in this project.

Chapter 4 revealed that the HRTEM images of the calcined titanium molecular precursor, OiPrTi[OSi(OtBu)3]3, on the support has titanium species present in the orthorhombic TiO2 phase when aggregation of titanium sites to TiO2 particles occur.  When TiO2 particles are not observed we have isolated sites which cannot be observed by TEM or HAADF-STEM but EDX and ICP confirmed the presence of titanium species.  The HRTEM images of the calcined Co3O4 deposited on to the molecular precursor-modified support confirmed that Co3O4 is present in the cubic phase in Fd-3m space group.  TEM proved that titania particles/molecules/clusters are present on Silica 922.  When the levels of the molecular precursor are increase with 3 graftings, TiO2 particles are observed on the silica support and also with an increase in 1st grafting to 18.6 wt% TiSi3, Sample 81.  The presence of a TiO2 particles or cluster of three/four particles, which are not on the support, is observed in the samples with TEM and HAADF-STEM and might be due to some of the molecular precursor, which self condensed during the impregnation process.  The reason for this self-condensation is not known in our samples.  The different levels of titanium precursors added in the various stages of grafting have a profound affect on the final morphology of the cobalt oxide formed.  The addition of additional molecular precursor (a second grafting) displayed nanorods and nanoparticles of Co3O4 while a third grafting (addition of 1.1 wt%) produced nanoparticles (Sample 26 B#B).  Overloading of the support on the 3rd grafting with titanium with an addition of 5.1 w/t% (Sample 26 A*B) instead of 1.1 w/t% (Sample 26 B#B) revealed nanorods again.  The different morphologies observed for different grafting (1st , 2nd, 3rd) suggest that the amount of precursor and the step at which it is added is responsible for the Co3O4 shape changes.  The change in shape of Co3O4 from nanorods to nanoparticles when Sample 79 (3.3 wt% Tisi3 -1st grafting) and Sample 26BB (3.3 wt% total TiSi3 - 3rd grafting) are compared, suggests that TiSi3 sites formed in one grafting step are altered by each subsequent grafting.

Chapter 5 revealed that the titanium modified Silica 922 treated with ¼ cobalt nitrate (pore filling) followed by calcination exhibited Co3O4 prisms while the absence of molecular precursor, nanorods and nanoparticles are observed.  This is evidence that the presence of the molecular precursor effects Co3O4 morphology.  A larger amount of cobalt nitrate is needed to produce a sufficient reservoir of Co(NO3)2·6H2O to produce nanorods while a smaller reservoir (<½ Co) produces a range of morphologies which include globules, nanoparticles and prisms.  Therefore, the reservoir of cobalt nitrate, or lack of it, is also responsible for the final Co3O4 morphology.  Also observed, was that growth on previously formed Co3O4 can occur, but is dependent on the cobalt nitrate quantity (reservoir).  This is seen in Sample 46B where growth on top of the prisms occurs, from Sample 45B prisms, when additional Co(NO3)2·6H2O is added to form nanoparticles.  The mechanism for the growth of Co3O4 when the cobalt nitrate is interrupted and then started again in a second impregnation process of Co(NO3)2·6H2O, suggests that the Co(NO3)2·6H2O layer is insufficient for upward growth and nanoparticles form around the preformed Co3O4.  Nanorods can also be formed from the growth on top of prisms by the addition of sufficient quantities of cobalt nitrate (Sample 67B).  This shows that the growth of nanorods can be stopped in the initial stage of formation (prisms) and this growth can then be continued in a separate step.  The determining step seems to be the amount of the Co(NO3)2·6H2O reservoir.  If the reservoir is larger than the pore filling volume, nanorods can be formed.  When the reservoir is at pore filling volume, prisms are formed.  If the reservoir is less than the pore filling amount, we form a variety of morphologies ranging from nanoparticles and/or deposits.

The support also effects morphology, as shown by the change from Silica 922 to  Aerosil 200 where no prisms were observed with addition of a ¼ amount of cobalt nitrate amount.  On Silica 922, we observed that modifying the calcination temperature, from 250 °C to 220 °C, affects the crystallinity and the nanorods are closer packed together that in the baseline sample.  The absence of support and the molecular precursor showed the transformation from cobalt nitrate hexahydrate to cobalt oxide occurs via droplet formation.

Chapter 6 revealed that the steric constraints of the ligand groups do not affect the Co3O4 shape with addition of baseline amounts of Co(NO3)2·6H2O and the entire range of molecular precursors all produce Co3O4 nanorods.  The amount of active sites loaded onto the support is effected by steric constraints of their ligand system.  This is observed for TiSi4 (0.02 wt% Ti), which is more sterically constrained then TiSi3 (0.08 wt% Ti) and TiSi (0.06 wt% Ti) which less sterically constrained the TiSi3 and Ti(OiPr)4 (0.07 wt% Ti )is the least sterically constraint.  The effects of the steric constraints of the ligand groups observed at pore filling amount were Sample 45B (prisms) while Sample 70B, Sample 101B, Sample 97B and Sample 100B showed areas of Co3O4 deposits.  

In this project, we employed the TMP method to graft and produce isolated active sites on a range of supports and these along with the support type effects Co3O4 morphology which was discussed in Chapter 3.  Chapter 3 revealed that the ability to control and influence Co3O4 shape might be an important factor.  The effect that the molecular precursor has on Co3O4 morphology is further investigated in Chapter 4 by varying the amount of grafted sites along with multiple impregnation steps.  The influence of the various titanium molecular precursors TiSi, TiSi3, TiSi4 and Ti(OiPr)4) (Chapter 6) and the cobalt nitrate reservoir (Chapter 5) on Co3O4 morphology is investigated.  These studies have shown that the nature of the Co3O4 morphology is affected by the support, ligand system, cobalt quantities, and the molecular precursor quantities. So changing one of theses factors influences the morphology in some way.  Therefore, we have achieved our objective set out in the aim by investigating:
	Support effects
	Titanium loading
	Control over Co3O4 morphology




The following futher projects are proposed: 

	The formation of multi-component complexes, whereby two or more different metal molecular precursors are simultaneously utilised, and investigation which of these metals have the dominant effect on Co3O4 morphology.
	The replacement of the titanium metal with another metal, which has an atomic number, which varies sufficiently enough to eliminate the possible z contrast problem between titanium metal (Z=22) and silica (Z=14) support, one possibility being Hafnium (Z=72).
	Investigate more supports, looking at the effect of titanium molecular precursor on TiO2 support or flat surfaces and Co3O4 morphology.
	Evaluate the mechanism for nanorod formation by varying one of the impregnation conditions (time, pressure, temperature) at a time to determine the optimal conditions for obtaining nanorod formation.  
	Evaluate what effect 2nd and 3rd graftings of molecular precursors TiSi4, TiSi and Ti(OiPr)4 have on the nature of the titanium sites and Co3O4 morphology.  
	Evaluate the precursor sites obtained for Sample 108 and Sample 110 with HAADF-STEM.  
	Investigate the effect the streic constraints of the titanium ligand system has on NiO instead of Co3O4.
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